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Abstract 
Interstellar chemistry embarked with the discovery of CH, CH
+
, and CN in extraterrestrial 
clouds. Presently, a large number of molecules have been identified in different galactic 
environments mostly by millimeter-wave and infrared spectroscopy. Molecular complexity and 
the spectral features dramatically depend on the particle density and the temperature of the 
astronomical region where they reside. Hence, spectroscopic analysis of extraterrestrial 
molecules has a valid mean to probe the physical and chemical condition and history of galactic 
media.  
 Life on Earth is carbon based and surprisingly, similar tendency has been found in 
interstellar molecules. Almost 80 percent of detected species contain carbon as a major 
constituent. Hence, a better characterization of the molecular universe may elucidate the origin 
of terrestrial life.  
 Two long standing riddles in molecular astrophysics are the diffuse interstellar absorption 
lines in the visible and the broad emission features in the mid-infrared. Carbonaceous systems 
ranging from small acyclic to polycyclic aromatics are considered to be the carriers of these 
absorption and emission bands. To recognize individual molecules responsible for these 
transitions, spectroscopic analysis of astrophysically relevant species in the laboratory is needed; 
comparison studies between astronomical measurements and laboratory spectra are the way for 
identification. These exotic molecules may be stable in galactic clouds under very cold and low 
density conditions but are extremely short-lived in the laboratory framework. Therefore, 
noncontemporary synthesizing and sensitive characterizing methods are required. 
 The matrix isolation spectroscopy is considered as an outdated-technique after the 
discovery of laser-based experiments but in combination with theory, it still serves a pivotal role 
in characterization of transient species. Exotic organics are synthesized in electrical discharge for 
the respective precursors. The ions of interest are co-deposited with neon on a cold surface (6 K) 
after mass-selection. Neutrals are generated in the matrix by UV irradiation.  
 The acyclic unsaturated organics possess very unique structural flexibility. By mass 
selective deposition of a particular m/z ratio in solid neon, several isomers have been detected. 
An advantage of the matrix isolation technique is that all possible electronic transitions of 
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trapped species in the experimental measurement range can be recorded at once. Rare gases 
provide an environment in which the guest-host interactions slightly perturb the experimental 
band positions as compared to the gas-phase. Still matrix isolated spectrum is a good starting 
point for high resolution study and thence astrophysical findings. 
 Moderately intense absorptions are observed both in the visible and UV for C7Hn
+/0
 and 
C5Hn
+/0
, and charged oxygen containing polycarbon chains H2C6O
+
, HC7O
+
, and C4O2
+
 in neon 
matrices. The structural assignments of the electronic systems have been made on the basis of 
calculated ground-state stabilities with DFT and MP2 level of theory and computed excitation 
energies with TD DFT, SAC-CI, and CASPT2 methods. However, some of these ions and 
radicals have strong possibility to be the carriers of diffuse interstellar bands. The neutral 
oxygenated hydrocarbons are excluded as the carriers because no transition was detected after 
irradiation of the matrix. Theory explains that they possess strong transition in the deep UV. In 
addition, protonated PAHs and their oxygen containing analogs, which are credited for 
unidentified emission features, have been studied. Strong optical transitions suggest that they 
could be carriers of diffuse interstellar bands as well. A key species in combustion chemistry 
likely responsible for PAHs formation via mass-growth processes, fulvenallenyl radical, has 
been electronically characterized.   
 A part of this dissertation is devoted to physical organic chemistry. Reaction 
intermediates are too short-lived to probe. Nevertheless, identification of these species helps to 
infer a probable synthetic mechanism. Vibrationally resolved electronic spectra of fluorenylium, 
phenalenylium and fluorenyl radical have been measured in a neon matrix. 
 This electronic transition database of transient molecules created in the thesis can be used 
for their further gas-phase analysis and in situ detection in reaction or combustion systems.
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0
00    Origin band of electronic transition [A (v'=0) ← X (v"=0)] 
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CI   Chemical ionization 
CIS   Configuration interaction singles 
DC   Direct current 
DIB   Diffuse interstellar band 
DBT   2,3,6,7 dibenzotropone 
EI   Electron impact Ionization 
ESR   Electron spin resonance 
FA   Fulvenallenyl radical 
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History of Astronomy: How it all started?  
Astronomy is the oldest natural science. Celestial 
phenomena had multifaceted influence on ancient human 
life. Mankind was horrified by numerous light spots in the 
dark sky and their sudden disappearance during the day. 
Early human culture reckoned the celestial objects as a 
super-power controlling rain, drought, seasons, and tides on 
Earth. A substantial role of stars and planets in religious 
functions, mythology and even in antediluvian calendrical systems has been identified. Being the 
brightest ones in the sky, the Sun and Moon had drawn more importance. According to 
archeological evidences, humans have got some impression on solar and lunar cycles in the 
Bronze Age.  
 Art has long been a way to mankind for expressing their thoughts. The Nebra sky disk, 
founded by archeological thieves in 1999 and recovered in 2002 in Switzerland, is Bronze Age 
art and the earliest (2000 BC) known depiction of celestial phenomena.
1
 The gold decoration on 
the disk shows a full Moon and a crescent Moon along with stars (Figure A.1). This could be a 
foot print of astronomy in ancient world. The Kokino, a Bronze Age archaeological site now in 
the Republic of Macedonia, represents an astronomical observatory constructed around 1900 BC 
and was continuously serving until 700 BC (Figure A.2).
2
 The archeologists interpreted that this 
place equipped with special stones was for tracking the movement of Sun and Moon.  
 
 
 
 
 
 
              
 
 
Figure A. 1) Nebra sky disk, 2000 BC; 2) Kokino Observatory, 1900 BC
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 Mesopotamia, India and China have major contribution in ancient astronomy. The eastern 
observers, especially China, successfully tracked the appearance of new stars in sky. It has been 
claimed that the Chinese had seen the Halley’s Comet around 240 BC and possibly in 1059 BC 
too.
3
  
Astronomical studies in Indian subcontinent can be found in the Indus Valley Civilization. They 
used calendar in 3rd millennium BC.
4 The oldest surviving Indian astronomical document is the 
Vedanga Jyotisha, which demonstrates how to track solar and lunar motions for rituals.
5
   
 
Western history of astronomy starts with the ancient Greek civilization about 600 BC. The root 
of western astronomy can be found in Mesopotamia. The Babylonian astronomy was the basis of 
the Greek and Hellenistic astronomy. In this regime, the motion of celestial objects had been 
treated with mathematics.
6,7
 Pythagoras of Samos, the great Greek mathematician, is the 
founder of the movement called Pythagoreanism.
7
 The three-dimensional models for explaining 
the apparent motions of planets were developed in the 4th century BC by Eudoxus of Cnidus 
and Callippus of Cyzicus. Around 220 BC Eratosthenes claimed the Earth as a sphere based on 
its shadow on the Moon during lunar eclipses which is one of the eminent hypothesis ever made 
by any philosopher from ancient world.
7 He also calculated the circumference of the Earth to be 
40320 km which is very close to the real value (40075 km).  
 
 
 
 
 
 
 
 
 
Contemporaneously, Aristotle and his student Plato attempted to pursue quantitative study on 
the Earth’s motion. The Aristotelian cosmology was geocentric – Earth was considered at the 
center of the universe. From the observations with naked eye and philosophical imaginations, 
this geocentric model was well accepted until the 15
th
 century AD. 
  History of Astronomy   
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 16
th
 century is called as the period of renaissance in astronomy and Nicolaus Copernicus 
was the key character. For the first time, he proposed the heliocentric model (sun in the middle) 
of the universe (solar system).
8
 There was a political dispute regarding the acceptance of the new 
model. Undoubtedly, this work is a revolutionary step towards modern cosmology. The 
hypothesis was defended and modified later by Galileo Galilei and Johannes Kepler. On the 
technological front, one of the foundation for the leap forward is the manufacture of telescope by 
Galileo Galilei.
9
 It is apposite to say that he is the first modern scientist who not only proposed a 
model but also defended by real observations. Sunspots, mountains on the Moon, satellites of 
Jupiter (Io, Europa, Ganymede and Callisto ) and Saturn’s ring were discovered by him.10 Until 
then, mathematical and philosophical approaches were serving astronomy. The importance of 
spectroscopy has been introduced by Isaac Newton with his prism experiment, where he showed 
that white light is a combination of seven different wavelengths of light.
11
 Detection of atomic 
absorption by Gustav Kirchhoff and Robert Bunsen in 18th century is also one of the greatest 
works that exemplified the essence of spectroscopy in astronomy.
12 
 
 By the use of increasingly advanced telescopes, in the period between 17
th
 to 19
th
 
centuries, a number of planets and stars were discovered and a rough image of the Milky Way 
was more or less established.  
 
 Edwin Hubble has huge contribution in modern astronomy. He has identified 
Andromeda and other spiral nebulae as star systems. Hubble and Milton made the pioneer 
discovery in 1929 that the universe is expanding,
13
 changing the approach of astrophysical 
research. It indicates that the information of young universe is lying on the infrared (IR) domain 
because visible light emitted from early stars after Big Bang is now stretched to the IR due to this 
expansion of space. Few years later in 1950s, the invention of radio-astronomy
14
 has facilitated 
the characterization of outer space. 
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INTRODUCTION       
1.1 Structure of the Universe 
Interstellar matter is concentrated into large organizations known as galaxies which can be 
termed as the building blocks of the universe.
1
 Galaxies can be of various shapes – spiral, 
elliptical, lenticular and lastly irregular. Our galaxy, the Milky Way, has a normal spiral structure  
with radius around 30 kiloparsec (1 parsec =3.26 light years) and the solar system is located in a 
planar spiral arm approximately 8.5 kiloparsec away from the galactic center. Stars are the most 
compact galactic objects in the universe and the regions between them are not void. The 
interstellar regions consist of gas and dust. The formation of stars from dust and gas, and their 
deterioration to interstellar material is the fundamental aspect of galactic ecology. Currently, 
physical and chemical evolution of galactic and extragalactic matter is a topic of research. The 
introduction is focused on our own galaxy (universe) because know-how on complex interstellar 
processing of cosmic matter is confined to the Milky Way.  
The universe is extremely heterogeneous – it consists of patchy, clumsy environments with a 
broad range of particle densities and temperature. The large galactic structures (1-200 parsec) are 
called as interstellar clouds. Depending on the density of the cosmic matter, these clouds can be 
classified as dense or diffuse. The particle density in the dense medium has been estimated 
around 10
6 
cm
-3
 while in diffuse one ~ 10
2
 cm
-3
; these are the two limiting values.
2 
The diffuse 
clouds have low extinction (Av < 1) in optical domain,
3
 therefore, telescopic observations of low 
density mediums are quite satisfactory. Temperature in the diffuse medium typically ranges from 
50 to 150 K. Chemical characteristic of these clouds is mostly atomic. Diffuse or dense condition 
is actually two fundamental physical arrangements of interstellar matter. As the particle density 
increases within the cloud, diffuse one transforms first to translucent and then to dense medium 
(cloud). This density is controlled by motions of interstellar materials, random perturbations, 
stellar winds, and shock waves.
4,5
  
1 
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Figure 1.1: Images of the Dark Cloud B68-taken at six wavebands by NTT and VLT telescope. 
 Dense media possess large visible extinction due to high particle density. Light from stars 
is scattered from the outer layer which results very low temperature (10-30 K) inside the clouds. 
As these dense regions remain non-detectable in visible domain, therefore, they are called dark 
clouds. However, the dark clouds do not extinguish the radiofrequency photons because of the 
wavelength of the radiation (scattering η ∝ 1/4). Hence, investigation in infrared (IR) and 
microwave (MW) domain is the viable approach for the exploration of the darkest parts of the 
universe. Additionally, as interstellar gases in dark clouds are extremely cold, they emit in 
shorter wavelength, and therefore, the detection is facile in IR/MW region. Images of B68 dark 
cloud recorded at various wavelengths are shown in Figure 1.1 (credit to ESO). The background 
stars become visible at shorter wavelengths, 1.25−2.16 m.  
Astronomical structure of size 50-200 parsec containing dark clouds, bright nebulae, 
giant stars, and young stellar objects are called as molecular cloud. Vast assemblage of molecular 
gases can be seen in such cloud; H2 and CO are the most dominant.
2
 Molecular clouds are the 
stellar nursery and synthetic laboratory for cosmic molecules. Molecular clouds allow exotic 
chemical reactions which are not characteristics of terrestrial chemistry. The view of the Milky 
Way captured by telescopes at the present time elucidates the heterogeneous characteristic of the 
                                                                                                               Structure of the Universe         
23 
 
cosmos. CCD image of interstellar medium (ISM) recorded by Adam Block
6
 at the Caelum 
Observatory showing different astronomical environments is given below (Figure 1.2).  
 
Figure 1.2: The CCD image of interstellar medium taken by Adam Block and Tim Pucket at the     
Caelum Observatory. The different galactic media are assigned.
6
 
 
 The red colored portion is known as H II region which comprises of ionized gas. The 
origin of color is the H- emission. H II regions associate with a giant star and the UV 
flux of the nearby star photoionizes the interstellar gases. H II regions are also known as 
emission nebulae. 
 Refection nebula can be seen in blue at the right of the Figure 1.2. The scattering of 
nearby starlight by the dust grains are responsible for such color. The energy of the 
nearest stellar light is insufficient to ionize gases of this cloud to form an emission 
nebula.
  Structure of the Universe   
 
24 
 
 A newly formed stellar cluster can be found at lower center of the figure.  
 Millions of stars are in reddish color.  
 The black spots at the middle of this image floating over the reddish background are 
dark clouds.  
Neighborhood of H II region, the outer environment of molecular clouds, refection nebulae, 
diffused/translucent clouds, protoplanetary disk atmosphere, clouds around active galactic 
nucleus are classified as photon-dominated or photodissociation region (PDR) where far UV 
photons (FUV:  < 200 nm) of nearby stars predominate and alter the physical and chemical 
compositions (molecular complexity) of the medium.
7
 PDRs have a significant contribution in 
interstellar chemistry. Atomic and molecular gases co-exist here.  
 Chemical processes in different galactic objects are unique and governed by temperature, 
density, and stellar UV flux (cosmic ray). Thus, it is not easy to understand the overall chemistry 
of ISM. The concept of polyatomic molecular universe is new, it started with the detection of 
NH3 in 1968.
8
 This discovery has established that the identification of molecules in space has 
validity to characterize the universe. High resolution spectra of interstellar molecules render 
densities, temperatures and information on chemical evolution of the clouds. Molecular 
abundance can be calculated with a model approach once the temperature and chemical nature of 
the surroundings are known. But, a major limitation in constructing accurate astrophysical 
models is the non-availability of low-temperature, low-pressure data, therefore, laboratory 
studies in a condition resemble to outer space are required. 
 In last five decades by the dedicated spectroscopic analysis, almost 180 molecules have 
been detected in space (Table 1.1). Theoretical and experimental investigation on their formation 
pathway is a hot-topic in modern astrochemistry. However, before going into the details, the 
generation of elements (nucleosynthesis) in the universe must be discussed. 
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1.2 Nucleosynthesis: Chemistry of Stars 
 
Figure 1.3: Cosmic abundance of elements Z≤30 
According to the Big Bang cosmological model
9
 almost entirely hydrogen and helium with trace 
amount of lithium and beryllium are the primordial elements generated during the cooling of the 
universe from initial expansion. All other elements were formed in stars through various 
sequences of processes involving nuclear burning or bombardment of heavy nuclei by smaller 
ones.
10
 The cosmic abundance of elements ≤ 30 atomic number has been shown in Figure 1.3.  
Stars are composed of mostly hydrogen and the fusion of hydrogen into helium is their source of 
energy. The low- and middle-mass stars (0.5-10 M☼; M☼ = mass of Sun) at the last phase of their 
lives, because of the outage of hydrogen in core, contract and the central temperature increases. 
In this phase, stars begin to fuse the existing helium and synthesize carbon and other elements. 
Formation of carbon by the fusion of helium is known as triple alpha process.
11
 Stellar wind 
ejects the outer layer of star and expels products into ISM. Planetary nebulae contain those 
elements. 
Triple alpha process: This involves three alpha particles - helium nuclei. 
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As byproduct oxygen has also been synthesized where   
   further fuses with     
 . This process 
could proceed further to produce heavier elements (Ne, Mg, Si, etc). Carbon and oxygen are the 
major product of the nucleosynthesis in stars, only a small fraction is converted to neon or higher 
elements. 
     
     
  
 
  
 
Fusion pathway generates the nuclides up to nickel-56. Heavier elements after Ni occur by core-
collapse supernova.  
 
Supernova explosion: The stars with mass > 20 M☼ end in a supernova explosion;
12
 core of the 
high-mass star at the last phase becomes so dense (5x10
17
 kg m
-3
) that it can be compared with 
the density of atomic nuclei. The core becomes extremely unstable and blows off materials from 
outer layer in shock waves or an explosion. Heavier elements than iron (
56
Fe) is formed via 
neutron capture during the supernova. 
 
 
1.3 Chemistry of the Interstellar Medium: Molecule Formation 
Given the strength of stellar radiation flux in unshielded environments, it is very unlike to form 
or exist any molecules in the vicinity of stars.
2
 Therefore, elements being produced in stars, 
disperse into intersteller medium and generate molecules via various operations. In cold 
astronomical regions, exothermic reactions do not proceed without high kinetic energy of 
reactants to provide the required activation energy. The chemistry in the ISM is mostly 
controlled by cosmic rays, UV photons and shock waves.
13
 According to present understanding, 
gas-phase reactions and solid-phase synthesis on dust grains are the two major pathways for the 
generation of molecules in space. The maximum number of molecules are identified in the gas-
phase although a solid-phase origin of few species has been recently established. The list of 
molecules detected in space is given in Table 1.1 (solid phase ones are in blue).  
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Table 1.1: Molecules detected in Space  
2 atoms 3 4 5 6 7 8 9 
H2 C3 c-C3H C5 C5H C6H CH3C3N CH3C4H 
AlF C2H l- C3H C4H l-C2H4 CH2CHCN OCHOCH3 CH3CH2CN 
AlCl C2O C3N C4Si C2H4 CH3C2H CH3COOH C2H6O 
C2 C2S C3O l-C3H2 CH3CN HC5N C7H C2H5OH 
CH CH2 C3S c-C3H2 CH3NC CH3CHO C6H2 HC7N 
CH
+
 HCN C2H2 H2C2N CH3OH CH3NH2 C2H4O2 C8H 
CN HCO NH3 CH4 CH3SH c-C2H4O l-HC6H C2H5NO 
CO HCO
+
 HC2N HC3N HC3NH
+
 H4C2O C4H3N C8H
−
 
CO
+
 HCS
+
 H2CN
+
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 AlOH   C3H6O C3H6O2 C3H8O C60
+
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+
 CCP       
TiO
+
 HCP       
HCl
+
 KCN       
SH H2Cl
+
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Gas-phase Synthesis:  
Gas-phase chemistry in space can be introduced with the generation of H2 from atomic H. 
Previously, radiative association of H atoms on dust grains was thought to be a viable pathway.
14
 
Laboratory investigation has shown that the rate coefficient of H2 formation via radiative 
association is extremely low and does not explain the high abundance of H2 in the universe. Ionic 
combination (H
+
 + H
−
)  can be an alternative route for the formation of cosmic H2.
14
 However, 
the high abundance of H2 in the ISM is still an enigma to astrochemists.  
The probable mechanisms for the gas-phase synthetic of extraterrestrial molecules are: i) ion-
molecule, ii) neutral-neutral, iii) radiative association, iv) photodissociation, and v) dissociative 
recombination reaction.
7,13 
These pathways have been ascribed after pursuing laboratory studies 
under interstellar conditions.
15
 
i) Ion-molecule reaction 
This is an important pathway in extremely cold astronomical regions. These reactions need zero 
activation energy and perhaps, predominate inside dark clouds where cosmic rays initiate the 
process by ionizing gases. Such a process also prevails in the planetary ionosphere.  
H
+
 + O → O+ + H 
O
+
 + H2 → OH + H
+ 
C
+
 + OH → CO+ + H 
CO
+
 + H2 → HCO
+
 + H 
H2 + H2
+ → H3
+
 + H 
                                     O2
+
+ NO → NO+ + O2 (in atmosphere of Venus) 
 
The proton transfer process is a subsidiary ion-neutral reaction in the ISM. H3
+
 having very low 
H
+
-detachment energy is considered as efficient protonating agent. H3
+ 
is almost present 
everywhere in space, hence, can be initiator of chain reactions in astronomical clouds which lead 
to form complex species. 
CO + H3
+
 → HCO+ + H2 
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ii) Neutral-neutral combination 
This process dominates in warm regions (>300 K). Radicals have high tendency to react with 
atoms; for instance, atomic oxygen does not efficiently react with many stable neutrals but 
combines readily with radicals. Laboratory analysis has unveiled a high rate coefficient for 
neutral-neutral reactions, leading interstellar molecular synthetic processes.  
O + OH → O2 +H 
C + OH → CO + H 
OH + H2 → H2O+ H 
 
iii) Radiative association 
This mechanism is most important for the generation of polyatomic species. The rate of radiative 
association inversely proportional to temperture, therefore, in cold astronomical regions, it is 
efficient. Experimental and theoretical studies predict that in a dark cloud, radiative association 
of molecular and atomic ions to hydrogen may produce CH3
+
, CH5
+
 and CnH
–
 species. 
C
+ 
+ H2 → CH2
+
 + h
CH
+
 + H2 → CH3
+
 + h
CH3
+
 + H2 → CH5
+
 + h. 
Cn
–
 + H→ CnH
–
 + h 
 
iv) Photodissociation 
Photodissociation of molecules is a characteristic of unshielded clouds (PDR) illuminated by the 
radiation field of nearby stars. Molecules dissociated by UV photons produce reactive fragments. 
These fragments either react with atoms/molecules or dispersing into the PDR interface 
participate in chain reactions and form complex systems.  
The rate of these processes depends on the photoionisation cross-section of the absorbing species 
and the radiation flux. The calculated rate of dissociation in ISM is ~ 10
-10
 s
-1
.   
h + H2O→ H + OH; hC → C
+
  
C
+
 + OH → HOC+ / CO+ + H 
CO
+
 + H2 → HCO
+
 + H
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iv) Dissociative recombination 
According to chemical point of view, this mechanism can form metastable species. 
e¯ + HCNH
+ → HCN+ H or HNC+ H 
e¯ + HCO
+ → H + CO 
 
Solid-phase synthesis 
Earlier gas-phase reactions were solely conceived as the route for the formation of interstellar 
molecules. Therefore, a substantial amount of laboratory and computation studies have been 
carried out, but the gas-phase approach has failed to explain the abundance and formation 
pathways of many extreterrestrial molecules. Hence, over the last two decades solid-state 
synthesis in interstellar ices has been invoked as a solution to the astrochemical community. 
 
 
 
  
 
 
 
Figure 1.4: Generation of complex molecules via energetic processing (VUV/cosmic ray     
 irradiation) of ices on interstellar dust grain. 
 
The solid-phase synthesis of molecules is characteristic of dense clouds, disk of young stellar 
objects (YSOs) and icy planet surface where temperature range around 10-40 K. Ices on top of 
micrometer sized dust grains, originating from accretion of gas-phase species over millions of 
years, offer a molecular reservoir. These molecular ices upon cosmic ray or VUV photon 
exposure generate radicals which by reacting with each other during the warming up of the 
mantel form several complex species (Figure 1.4).
16 
Thereafter, , they are delivered to gas-phase 
during the evaporation of ices. 
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Multi-component ices have been observed in space, largely by the Infrared Space Observatory 
(ISO) and Spitzer space telescopes.
17
 The main component is amorphous solid water (ASW) but 
also other constituents have been identified: CO, CO2, CH3OH, CH4, OCS, and NH3. Some 12-
15 molecules are assigned, and it is likely that many more species are embedded in cosmic ices.
17
  
1.4 Oultine of Molecular Diversity in the ISM 
    
 
 
 
  
 
 
 
 
 
Figure 1.5: Space considering as diverse molecular factory 
Most of the detected extraterrestrial molecules are organic in nature. As an example, 100% of 
these species with atomicity ≥ 6 contain carbon. The galactic clouds where molecules have been 
substantially detected are protoplanetary nebulae, cold interstellar cores, hot corinos, lukewarm 
corinos, circumstellar envelopes and outflow. Significant molecular diversity has been observed 
from these astronomical objects. So far, no complex molecules have been identified in 
protoplanetary disk. A large variety of molecules have been found in the hot core Sg B2 (N) 
cloud which is the richest molecular inventory in the Milky Way. Acetone (CH3COCH3), 
ethylene glycol (HOCH2CH2OH), glycolaldehyde (HOCH2CHO), cyclopropenone (c-H2C3O) 
and N-containing organics have been identified herein.
18
 Methanol (CH3OH), acetadehyde 
(CH3CHO), propylene (CH3CHCH2) like terrestrial molecues have been detected in Taurus 
Molecular Cloud (TMC-1).
19 
Since the species CnH anions/radicals and cyanopolynes are found 
in TMC-1,20-23 cold cores are considered as a significant resorvior and nursery of complex 
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organic systems Hot corinos, low-mass version of hot core, which are closer to the stellar 
radiation are rich in hydrogen and contain mostly saturated organics (HCOOCH3, CH3OCH3, 
CH3CH2CN) while unsaturated species predominate in cold galactic clouds. A number of 
unsaturated species are also abundant in lukewarm corino L1512 (~30 K).
24
 Rich organic 
chemistry has been identified in circumstellar envelopes of evolved stars. Disk of asymptotic 
giant branch (AGB) star IRC+10216 has shown chemisry similar to TMC-1;
25
 C4H
−
, CnH 
radicals, C4Si, H2CS have been found.
26.27 
In such disk, larger aromatics can be generated via 
combustion of acetylenic molecules.
28
 Protoplanetary nebula CRL 618 also possesses emerging 
organic chemistry.
29
 Benzene has been identified only in CRL 618 within the Milky Way.
30
 
HCOOCH3, HCOOH, CH3CN and ethanol (C2H5OH) are found in outflow
31
 and more 
heteroatomic species (incresing complexcity) can be detected here. Signature of larger organics 
has been observed towards young stellar objects via infrared observation.
32 
 
Planetary bodies also play crucial role in the enhancement of molecular complexity. More than 
20 complex systems (aromatics, polymers, N-bearing species) have been discovered either in 
cometary coma or on the surface of icy bodies.
33-35
 The Rosetta mission on 67P/Churyumov–
Gerasimenko (67P/C-G) comet is successful and will surely unveil extratrestrial origin of many 
new species. CH3NCO has been recently identified both in Sg B2N region in gas-phase
 
and on 
the 67P/C-G in solid-phase.
35,36
 Some of the molecules identified in comets have astrobiological 
imporatance. It is still believed that precursor of life was delivered on Earth by comets. 
Extensive organic chemistry has been found in Saturn’s moon Titan.37 Jupiter’s moon Europa 
and Io have also drawn attention of astrochemist with their exotic surface chemistry.
38
 The 
artist’s imagination on the molecular diversity in the universe is shown in Figure 1.5.  
Benzene (C6H6), triacetylene (HC6H), methylacetylene (CH3CCH), methylamine (CH3NH2) type 
complex organics have been identified in external galaxies.
39,40 
 
In addition, unidentified infrared emission features and diffused interstellar bands, the two 
riddles of interstellar spectroscpy, hold singnature of several molecules. 
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1.5 The carrier of UIR emission bands: Characteristics of PAHs 
A new subfield of molecular astrophysics has been developed with the radio-astronomical 
observations of galactic clouds. In 1970s for the first time, broad emission features in the mid-IR 
spectra of planetary nebulae, refection nebulae and H II emission nebulae were detected.
41
 
Recently, Infrared- and Spitzer- Space Observatory missions have shown that these emission 
bands are dominant in all astronomical clouds associated with dust, gas and illuminated by stellar 
flux.
42,43
 The IR interstellar emission spectrum is dominated by bands at 3.3, 6.2, 7.7, 8.6, 11.2, 
12.7, 16.4 m. There are also weaker peaks at 3.4, 3.5, 5.25, 5.75, 6.0, 6.9, 7.5, 10.5, 11.0, 13.5, 
14.2, 17.4 and 18.9 m. All these features are situated on broad plateaus ranging from 3.2-3.6, 6-
9, 11-14 and 15-19 m (Figure 1.6). The emitters are still unknown and thus, these features are 
known as unidentified infrared (UIR) emission bands. The richness and diversity in the spectrum 
imply that UIR bands hold information of enormous interstellar molecules. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6: The mid IR emission features obtained in the spectrum of PDR region of Orion Bar. 
The richness of the spectrum and their probable assignments are indicated.
44
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UIR fluorescence dominates in brighter galactic clouds which demonstrates that these emissions 
originate via three consecutive processes:  
1) Excitation of the species by the absorption of a single UV/visible photon from nearby stars,  
2) Whole or partial redistribution of absorbed photon energy over available vibrational modes in 
time scale 10
-12
 – 10-10 s, and  
3) Radiative relaxation through IR emission.  
The high feature-to-continuum ratio in this mid-IR spectrum suggests their molecular 
origin. Though there are variance in intensity and width of the peaks but the overall band profiles 
are quite similar implying a single class of molecules as the carrier. There is no firm conclusion 
but it is strongly conceived that IR fluorescence of aromatic molecules is responsible. Actually, 
two classes of molecules were considered 1) gas-phase polycyclic aromatic hydrocarbons,
45,46
 2) 
carbonaceous grain with partly aromatic nature.
47
 PAHs model has gained immense attention 
because experimental and theoretical studies shows that C-C and C-H vibrations of polycyclic 
aromatics have close resemblance to UIR bands.
48
 The acyclic acetylenic hydrocarbons were 
excluded for the consideration because the C≡C vibrations lie around 4.8-5.5 m where UIRs are 
not so pronounced.
49
 
 The 2nd class of species, carbonaceous larger grains, were also ruled out from the 
possible UIR emitter because timescale for absorbed photon energy to diffuse needs to be shorter 
than the IR emission timescale.
42
     
The proposition, ''UV excitation of PAHs causing UIRs,'' is questioned by recently 
astronomical observations on vdB 133, a reflection nebulae exposed to UV-poor photons.
50,51
 
Surprisingly, the intensities of UIR bands detected here are as strong as seen from the sources 
associated with intense UV flux. This observation appeals for slightly different types of PAHs to 
be the UIR emitter as well. The electronic absorption edge is known to be red-shifted either by 
the increase of PAHs size or upon ionization,
52
 therefore polycyclic aromatic cations have 
received significant attention in recent years.  
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Fig 1.7: The spectrum of a mixture of PAHs (upper trace) compared with the transition of the 
cationic species of the same PAHs (lower trace). CC modes increased noticeably 
compared to CH modes with ionization. Figure taken from Allamandola et al.
48
 
Variance of UIR bands strength towards different astronomical sources has been 
attributed to the charge-state of PAHs.
48
 The laboratory experiment undertaken by Allamandola 
et al. proved that C-C stretching vibration increases manifold by ionization of PAH molecule. 
The ionization also has influence on stretching and out-of-plane bending vibrations of C-H bond 
(Figure 1.7).  
Alongside PAHs/PAHs
+
,
 
their derivatives such as methyl substituted PAHs, nitrogen-, 
silicon-containing PAHs can also be carrier of UIR bands.
28
 Protonated PAHs (H
+
-PAHs) are 
very promising because of the –CH2 group and strong electronic absorption in visible regions 
(vide infra). The PAHs anions are unlikely to be the carrier as their stability in photon- 
dominated region is not convicing. 
 However, laboratory studies like matrix isolation spectroscopy, multiphoton dissociation, 
high resolution infrared characterization along with computational investigation are going on for 
the better insight into the spectroscopy of larger aromatics.
28, 53. 54.
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Extraterrestrial origin of PAHs / H+-PAHs and their derivatives:        
Combustion of small hydrocarbons in terrestrial condition has established that the formation of 
larger organics is a characteristic of high temperature chemistry.
55
 In astronomical setting, 
carbon rich AGB stars provide such sooting environments. UIR features have been detected in 
the post-AGB envelops and planetary nebulae (PNe). No IR emission has been observed in the 
outflow of carbon rich AGB stars. This could be due to the absence of UV-pumping photons as 
these stars are cooler than 4000 K. However, the detection of UIRs in PNe and post-AGB objects 
strengthens the speculation that the late-type stars are the birthplace of cosmic PAHs. The 
reaction in circumstellar disks is mainly governed by the pyrolysis of C2H2 (in hydrogen 
dominated condition).
28
 The generation of PAHs in the soot of the acetylenic hydrocarbon flames 
has been well established.
55 The propargyl (•CH2–C≡CH) and fulvenallenyl (•C5H4C≡CH) 
recombination mechanism have been proposed as the most viable pathways of PAHs 
formation.
56-59
 HCN and C2H2 are thought to be the precursor of PNAHs (Nitrogen containing 
PAHs) in ISM.
28
  
The plausible mechanisms of molecular growth in sooting environment are shown below. 
 
•
CH2–C≡CH +
•
CH2–C≡CH → C6H6 → C6H5
• 
+ H (propargyl recombination process) 
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 Interstellar shocks may also have role in PAHs generation. Supernova explosions 
generate shock waves which propagate though the interstellar gas and grains. The grain-grain 
collisions triggered by the shock wave has an important role in the interstellar grain-size 
distribution and a typical shock vs ~ 100 km s
-1
 may transform 10% of the existing carbon of the 
shocked medium into carbon cluster. These clusters can produce PAHs through further chemical 
processing.
28 
Interstellar PAHs can be altered by cosmic rays and UV radiation. Sputtering of PAHs 
condensed on icy grains by atomic ions (cosmic ray) can generate variety of hydrocarbons.  
H
+
-PAHs which have recently been considered as the probable carrier of 6.2 m UIR feature 
represent a special class of molecules. The study done by Olah et al.
60
 established that 
protonation of aromatics generates -complex rather than -addition adduct, therefore, a –CH2 
(aliphatic C-H stretching) group existing in the protonated PAHs can be responsible for 6.2 m 
band. In extraterrestrial clouds, H
+
-PAHs could be formed via the addition of H2 to H-deficient 
PAH cation or by the reaction between neutral PAHs and H3
+
; experimental evidences 
demonstrate that difference in proton affinity between donor and accepter more than 100 kJ mol
-1
 
exhibits dissociative proton transfer.
61
 Hence, this process is viable only for large aromatics. In 
addition, H
+
-PAHs being electronically closed shell species are unreactive towards further 
reactions and possess low lying electronic states. 
1.6 Decoding of Diffuse Interstellar Bands 
Unique absorption features observed in the optical domain (400-900 nm) of various stellar 
spectra (Figure 1.8) are classified as diffuse interstellar bands (DIBs). It is called ''diffuse'' to 
address that they are much broader compared to stellar absorption lines. Their interstellar nature 
has been understood from the facts that strength of DIBs are roughly proportional to the 
extinction and the bands are independent of the radial velocity of the light source (stars).
62
 The 
prominent characteristics of DIBs are: the density of the lines increases towards the near IR 
region, they do not perfectly correlate with each other, line widths are also not uniform‒some 
DIBs show fine profile which is attributed to the rotational and vibrational sub-structures. These 
aforesaid observations (especially the band sub-structure) appeal for the molecular origin of 
DIBs.
62-65
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Figure 1.8: The diffuse interstellar bands. 
 
 Suspicious features in the spectrum of stellar objects were first observed in 1922 by Mary 
Heger at Lick Observatory
66
 although a systematic investigation on DIBs was led up by Merrill a 
decade later in 1934.
67
 Around 1930s, existence of gas-phase molecules (even triatomic) with 
measureable population in interstellar medium was far away from the imagination of 
astronomers because they believed that physical conditions in diffuse clouds are too harsh to host 
larger than diatomic species. Thus, various ingenious solid-state systems were considered for the 
carrier of this bands.
68-77
 But eventually they were excluded because the expected solid-state 
effects are absent in DI lines. With the advancement of astronomical observations like the 
inclusion of CCD detector and high resolution spectrograph (around 1960s-1980s), it has been 
observed that the width and the position of the absorption lines are independent of the sight-line. 
This illustrates that DIBs are the transition of interstellar gas-phase molecules. An abnormal 
behavior on DIB strength was noticed by Adamson, Whittet & Ouley when they were recording 
the light from different stars transversing through a relatively dense cloud.
78
 According to Beer-
Lambert law, one should expect stronger DI features when light is passing through a dense cloud 
because of a higher concentrations of absorbers. But the observational finding was reserve. This 
phenomenon has revealed that the DIB carriers are located at the extreme outer layer of 
interstellar clouds where the stellar radiation flux is reduced by the cloud interior. This is known 
as ''skin effect''.
79,80
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Presently, almost 600 DIBs have been recorded and very few have been assigned.
81 
The 
bands at 661.4, 628.4, 443.0 nm are quite strong. A huge number of molecules are responsible 
for DIBs. Hence, decoding of DI lines has potential to render a rough image of the molecular 
universe. Several classes of molecules such as fullerene, porphyrins, PAHs, hydrocarbon/carbon 
chains have been considered as carriers of DIBs.
82-84
 Nevertheless, the molecular recognition of 
DIBs has still not been very successful. 
Fullerenes: Fullerene has been considered as a probable carrier of DIBs because of its extremely 
high stability particularly in an environment similar to PDR. As the carriers of DIBs are habitant 
of diffuse interstellar space, hence, they should be exposed to harsh stellar radiation. C60 can 
survive in such astronomical circumstance. C60 and C70 have a first ionization potential around 
7.6 eV and for that, the corresponding cations have been also conceived as DIBs carrier. In 2015 
C60
+
 was identified as the carrier of  963.27 and 957.75 nm DIBs.
85
 
b) PAHs: PAHs as DIB carrier is still an 
enigma in interstellar spectroscopy. 
Astronomers have advocated for PAHs on 
the basis of three crucial aspects: i) 
photostability in the interstellar radiation 
field, ii) abundance of cosmic carbon in 
interstellar material can provide an enough 
column density for PAHs, iii) visible 
electronic transitions (C atom ~ 40) with 
high oscillator strengths. Small PAHs 
cations, protonated PAHs, dehydrogenated 
PAHs also have strong absorption in visible. 
The shift of absorption wavelength from 
UV to visible with ionization for the 
smallest PAH naphthalene has been shown in Figure 1.9.  
c) Bare Carbon chains and Hydrocarbons: Douglas and Snow proposed that perhaps the 
polycarbon chain such as C5, C7, or C9 could exist under interstellar conditions by internal
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 conversion.
82,86
 Transitions to a short-lived excited state by a relaxation process precludes 
dissociation. Theory predicts their absorptions lie around 400-500 nm and are considered as the 
strong contender for the 438.77 nm DIB. Recent laboratory research on polycarbon chain cations 
has shown a transition around 440 nm (see Chapter 3). 
1.7 The Motivation and Structure of the Thesis 
Acyclic hydrocarbons with high carbon to hydrogen ratio have drawn attention as the carrier of 
DIBs because of two reasons: i) they possess strong absorptions in the visible domain, ii) polar 
carbon chains have been already identified in dense galactic clouds. A Rotational analysis of 
579.71 nm DIB has revealed that species containing five to seven heavy atoms could be carrier.
87
 
The 438.77 nm DIB has been already predicted to be the transition of carbon chain species.
82
 
Spectroscopic studies of HC2n+1H
+/0 
and HC2nH
+/0 
classes of molecules have been carried out and 
they are not the carrier.
88,89
 Hence, a slightly different system C7Hn
+/0 
(n=3-5) have been 
undertaken for electronic characterization in 6 K neon matrices [Chapter 3]. Absorption spectra 
of C5Hn
+/0 
(n=1,3) species have been recorded (Appendix). The spin-off of these 
characterizations is: electronic spectra of C7Hn
+/0 
or C5Hn
+/0 
can be used for their in situ detection 
in hydrocarbon flames. In the soot of acetylenic hydrocarbons, larger aromatics have been 
commonly identified, but mechanism of this molecular aggregation is still unknown. C7Hn
+/0 
or 
C5Hn
+/0 
are resonance stabilized hydrocarbon ions and radicals and are conceived as the probable 
intermediate in the mass-growth process.  
Carbon and oxygen have similar cosmic abundance which indicates their rich chemistry in space. 
According to kinetic studies bare carbon chains and unsaturated hydrocarbon species possess 
high affinity towards oxygen. A number of unsaturated organics have been found in the ISM 
(Table 1.1); therefore, one could expect the oxygenated hydrocarbon chains as well. This 
proposition became more apposite with the identification of H2C3O in Sg B2N molecular cloud 
where c-H2C3 was detected earlier. Therefore, electronic transitions of H2C6O
+
, HC7O
+
, and 
C4O2
+
 have been measured, facilitating gas-phase studies and astronomical comparisons 
[Chapter 4]. 
UIR bands have been tentatively assigned to the vibrational emissions of UV-excited PAHs; 
their derivatives, such as dehydrogenated, protonated or oxygen, silicon, nitrogen containing 
PAHs, are also under consideration. Despite the spectroscopic analysis on numerous PAHs and 
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their cations, assignment of individual polycyclic aromatics to any UIR emission or DIB was not 
possible to make. The recent identification of C60
+
 in a diffuse cloud
85
 has again appealed for the 
existence of larger aromatics in outer space. With this concern, a slightly different PAHs from 
the already emphasized ones, protonated fluorenone (H
+
-C13H8O), protonated dibenzotropone 
(H
+
-C15H10O) and protonated fluoranthene (H
+
-C16H10), have been studied in neon matrices 
[Chapter 5]. The structure of fluoranthene is similar to the backbone of C60. Fluorenone has 
extraterrestrial origin, being found in meteoritic residue.   
Spectral analysis of fluorenyl cation (C13H9
+
) was a long standing goal because of its high 
reactivity. Recently, in amorphous ice a broad absorption of fluorenyl cation has been reported. 
In this concern, C13H9
+ 
cations
 
have been deposited in neon matrix to record vibrationally 
structured electronic absorptions. Fluorenylium, phenalenylium and benz[f]indenylium cations 
and the radicals are identified [Chapter 6].  
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METHODOLOGY       
 
A fundamental challenge in probing interstellar molecules is that they are not stable in 
terrestrial environments. In the last decades, pulse radiolysis and flash photolysis techniques 
have been tried for in situ synthesis and characterization of such species.
1-3 
The weakness of 
these techniques is that they are not species selective and hence not conclusive for structural 
assignments. In this context, the experimental approach involving isolation of mass-selected ions 
in solid neon and their subsequent neutralization, serves a pivotal role in the spectroscopic 
characterization of transient species.
4
 After confinement of the molecules (ionic/neutral), 
spectroscopic analysis (IR, Raman, ESR, UV/Vis) is performed. Despite the emergence of 
several laser-based techniques, matrix isolation (MI) is still considered as a fundamental 
experiment in molecular spectroscopy. A spectroscopic survey on cryogenically solid sample 
was first attempted by Kamerlingh Onnes in Leiden. The emission of oxygen and nitrogen atoms 
was observed after energetic processing of impure solid nitrogen ices. Unfortunately, this work 
was not reported anywhere and never repeated. In the 1920s organic glasses were employed for 
the MI spectroscopy.
5
 The idea of using rare gases for the purpose of isolating reactive molecules 
at low temperature was first introduced by Broida and Pimental in 1950s.
6-8 
Rare gas atoms by 
freezing at a certain temperature lower to their sublimation point build crystals through van der 
Waals attraction.  
MI experiments involve a combination of several technologies. One of the fundamental 
requirements is cryogenic temperatures for rapid freezing of guest and host species. MI 
technique was adopted worldwide after the advent of microrefrigerators. However, the second 
prerequisite is high/ultra high vacuum to avoid contamination of matrix by air. As the goal is to 
study reactive radicals and ions, therefore matrix should be free of impurities (O2, OH etc). The 
third is the choice of ideal host material which must be chemically inert and possesses no 
spectroscopic interference in the experimental regions. 
 
 
2 
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2.1 Cryogenic Matrices 
A variety of molecules such as alcohols, haloalkanes, O2, CO2, CH4, SF6 were employed for 
matrix material.
1,5,9
 Many of them have interfering infrared or electronic transition and they were 
not ideal chemically inert host. Thereafter, from the physical and chemical properties 
(Table 2.1), rare gases, and nitrogen are found to be the authentic matrix materials. Noble gases 
are extremely inert, which can be discerned by their ionization energy and polarization values 
given in Table 2.1. Such inertness allows isolating ionic species. Rare gas matrices are 
transparent from far IR to VUV region; the lower energy limit can be determined from the Debye 
energy cut-off, below which photons will excite the vibrations of atomic lattice (phonons) and 
the upper limit depends upon the energy gap between valence and conduction band of the noble 
gas atoms.  
It is essential in matrix isolation experiments that during spectral survey matrix must be rigid that 
means should not permit diffusion of the guest. Deposition carried out at a temperature (Nedepo : 
6 K) which is 2/3 of the sublimation temperature (Nesublim : 9 K ) of the host builds rigid matrix.
10
  
 
Table 2.1: Solid-state properties of most ideal matrix materials.
11,12
 
 Ne Ar Kr Xe N2 
Vander-Walls-radius (Å) 1.54 1.88 2.02 2.16  
Ionization energy (eV) 21.56 15.8 14.0 12.1 15.6 
Polarization (Å
3
) 0.39 1.63 2.46 4.02 1.76 
Binding energy (eV/atom) 0.02 0.08 0.116 0.170  
Energy band gap (eV) 21.69 14.15 11.60 9.28  
Refractive index (=540 nm) 1.11 1.29 1.38 1.49 1.22 
Melting point (K) at 1 atm 24.6 83.3 115.8 161.4  
Lattice constant (Å) 4.47 5.31 5.65 6.13 5.66 
Sublimation temperature (K) at  
10
-6
 mbar 
9 31 42 58 34 
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2.1.1 Matrix Arrangements 
 
 
 
Figure 2.1: Plausible structures of the cryogenic matrices: a) single crystal model b) glassy 
model, c) microcrystalline model. 
 
Gases are cryogenically solidified onto a substrate to form matrix. Three different models – 
single crystal, glassy and microcrystalline – have been proposed to describe the probable 
structure of the matrix in atomic or molecular level.  
Single Crystal model: This is the simplest model which can be a starting point in analyzing 
matrix structure. The entire solid is considered as a uniform crystal in this model. The interstitial 
and substitutional (a site where a single matrix atom replaced by guest atom) sites can be clearly 
distinguished (Figure 2.1a).   
 It is very unlikely that a crystal produced by rapidly freezing of gas molecules at a higher 
pressure and temperature than the triple point will be of uniform structure. Moreover, at such low 
temperatures where diffusion of deposited atoms is not allowed, crystallization cannot produce 
single crystal structure.  
Glassy Model: The random arrangement of host materials is considered in this model (Figure 
2.1b). The density of the matrix in glassy arrangement will be lower than the close-packed single 
crystal model. Substitutional sites will vary in size and number of neighboring atoms. According 
to this model, one can compare the isolation to the trapping of a species in an infinitely viscous 
liquid. If this model would be true, then one should see broadened spectral features but 
vibrationally resolved spectra are observed in MI spectroscopy. Hence the glassy model is not 
correct. 
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Microcrystalline model: The most logically postulated one is the microcrystalline model. The 
whole matrix is considered as a combination of several small discrete microcrystals. The 
arrangement has been shown in Figure 2.1c. These microcrystals offer cages for the confinement 
of the guest species. In between these crystals, random arrangement of host exists which is called 
boundary. Segregation of trapped species from crystalline to boundary region in a rigid matrix is 
inconceivable. Therefore, two arrangements of host materials co-exist inside the matrix in 
absence of diffusion. As molecules are confined in different cages which are separated by 
boundary regions, therefore long-range interaction between guests can be ruled out which is 
prominent in spectral pattern of matrix isolated molecules. 
 The rare gases crystallize in the face-centered cubic structure. Each atom in the lattice is 
surrounded by 12 equidistant atoms and the symmetry of the site is Oh. A less stable packing, 
hexagonal arrangement, producing D3h site can be possible. Though this D3h hole is 
thermodynamically less stable compared to Oh but due to the rapid freezing some microcrystals 
carry D3h sites; this is the origin of "Matrix site" effect (see below). The rearrangement of sites 
allowing diffusion can be done by increasing the matrix temperature, which is called annealing.
13
  
 
2.1.2 Effect of Matrix on Spectroscopy  
A shift of transition wavelength of a species in gas-phase from matrix spectrum is a common 
phenomenon (Figure 2.2). This observation implies a change in the energy gap between ground 
and absorbing state of the guest in matrix environment. Both blue- and redshifts have been 
detected although the latter one is more common.
14-16
 The interaction between different 
electronic states of the isolated species with the matrix potentials (host cage) causes this spectral 
shift. The extent of wavelength displacement depends upon the size of the guest as well as on the 
size of the host. Host effect can be determined by recording spectrum of a same molecule in Ne, 
Ar, Kr, Xe matrices separately. 
However, it is not so straightforward to infer the direction of the matrix-shift for a molecule. The 
blueshift in an electronic spectrum is evident when bonding electron is excited, because bond in 
upper state elongates and the repulsive interaction between molecule and matrix cage becomes 
more pronounced. The repulsive force increases the energy of the absorbing state more than the 
ground one and the energy gap becomes higher in comparison to gas-phase. When an electron is 
excited from non-bonding orbitals, a redshift is observed in the matrix. As it is stated before 
  Matrix Arrangements   
51 
 
matrix offers host cages of different energies (section 2.1.1). ''Site structure'' in pure electronic or 
vibronic bands recorded in cryogenic matrices is due to this isolation of guests in energetically 
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non-equivalents matrix environments.
13
 Contribution from molecules confined in slightly 
different energy holes broadens the spectral bandwidth. The extent of broadening in comparison 
to gas-phase spectrum is shown in Figure 2.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Electronic absorption spectra of-protonated fluoranthene (H+-FT) recorded in a 6 K 
neon matrix (black trace) and in gas-phase at 10 K (red trace). The gas-phase 
spectrum has been recorded in 22-pole ion trap (courtesy to Ions Trap Lab).  
 
2.1.3 Advantages in Spectral measurements  
Experiments reported in this thesis (Part B & C) have been carried out in 6 K neon matrices. 
Although helium has the highest ionization energy (24.59 eV) indicating to be the most ideal 
host for ions but its melting point is extremely low 0.95 K which makes its use to be 
economically impractical. Neon is the next element of group 18 after helium and has 21.56 eV 
ionization energy. Neon forms rigid matrices at 5-6 K. In addition, neon matrix has highest 
transmission in optical domain which enables the detection of weak absorptions. These aspects 
illustrate why neon is the best matrix material over all rare gases.  
  Advantages   
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The advantages of the MI technique are: 
1) The host atoms have very weak van der Waals interaction in the lattice. Pairwise interaction 
energy is only 60 cm
-1
 which is far less than internal bond vibration of poly atomic guest 
molecules. Therefore, Born-Oppenheimer type separation between internal bond vibration of the 
isolated molecule and low-frequency lattice modes exists.
17
  
2) At such a low temperature all molecules reside in the v = 0 level of the ground electronic 
state; therefore, complicacy due to the hot bands is absent in matrix spectra which facilitates the 
interpretation.  
3) Electronic relaxations in solid matrix often pursue via complicated interelectronic cascades 
populating forbidden states which allows spectroscopic analysis of them.  
 
4) Although "matrix-shift", the difference in wavelength between gas-phase and condensed-
phase studies, is always evident but matrix investigation is a good starting point to provide a 
spectral range for the high resolution analysis. The gas-phase study initiated by the experiment in 
neon matrix is shown in Figure 2.2. 
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2.2 The apparatus: 
The matrix set-up involves a combination of three major units ― ion source, ion guide segment 
and matrix generation chamber. Cations and anions are produced inside a hot cathode discharge 
source via electron impact induced ionization of precursors. Then, ions are extracted from the 
source by three electrostatic lenses. Positive or negative voltage is applied on them depending on 
the polarity of the species of interest. Thereafter, the ion beam is injected into a quadrupole 
bender where neutrals are eliminated deflecting the ion beam by 90
◦
. The ions of interest (m/z) 
have been selected in the quadrupole mass filter (QMS) and subsequently co-deposited with 
neon atoms onto the matrix substrate, a rhodium coated sapphire plate at 6 K. The substrate is 
mounted on an oxygen-free, high thermal-conductivity copper head cooled by closed-cycle 
helium refrigerator. The instrument is shown in Figure 2.3. 
 
 
Figure 2.3: The matrix isolation set-up 
 
The lowest temperature can be reached by this helium cryostat is ~ 4 K. A DC potential (0.3 A 
and 5 V) is applied to 25 resistive heater cartridges to conduct the deposition at 6 K, a secure 
experimental temperature to prevent cracking of the neon crystal. Deposition at very low 
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temperature creates stress when the warmer region needs to contract more than the cooler surface 
and breaks the crystal. A polished aluminum radiation shield is used just over the cold head to 
prevent blackbody heating.
18 
   
The matrix is built with a controlled flow of neon. The typical pressure of neon inside the matrix 
chamber is kept around 2 x 10
-6
 mbar to generate a matrix of width around 100-150 m in 4-5 
hours. The volume of the matrix is 2 x 2 x 0.015 cm
3
. The matrix growth is monitored by the 
intensity decay from a light emitting diode passing through the matrix. The substrate is floated, 
and from the deposited charge, the guest concentration in the matrix can be deduced. The 
deposited charge in 4-5 hours ranges from 1-100 C depending on the stability of the mass-
selected ion beam. The quality of the spectra in terms of signal-to-noise ratio depends on ― if 
the oscillator strength of the experimental molecule is large then 2-10C is adequate for 
achieving good signal otherwise guest concentration needs to be high. Therefore, molecules with 
relatively low oscillator strengths are accumulated as long as possible and neon deposition rates 
are also kept comparatively slow.       
 
2.2.1 Generation of Ionic Species: 
The production of a continuous ion beam is crucial to achieve higher concentration of the guest 
(ions) in the matrix. A number of techniques are now available for the generation of ionic 
species: Laser photolysis, microwave discharge, ion sputtering, combustion, DC discharge and 
electron impact (EI) ionization.  
The most simple, suitable and widely used in mass spectrometry is electron impact (EI) 
ionization technique. One advantage of EI is that minimal amount of precursor is consumed by 
the source to produce a continuous ion beam for hours. The typical pressure of precursor gas 
maintained in the source chamber is around 2 x 10
-5
 mbar. The precursor introduced inside the 
source is bombarded by electrons ejected from filament which causes ionization in following 
mechanism: 
  M + e 
− → M+ + 2 e −  (cation formation) 
The ionizing electron ejects a valence electron of the precursor molecule (M). The kinetic energy 
transferred from the ionizing electron to the M during the impact causes fragmentation of M
+
 
producing variety of other species. Electron impact induced chemistry produces exotic molecular 
systems which have immense importance in astrochemistry. The source is situated inside an
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electromagnetic coil. By varying the magnetic field the ionization efficiency is controlled; the 
magnetic field monitors the mean free path of the electrons from filament. The types of ion 
source used in the set-up are discussed below. 
 
Ion Source 
 
 
Figure 2.4: Schematic representation of electron impact ion sources for production of cations 
(left) and anions (right). 
 
 Cationic and anionic species both have been studied during this course of PhD. Two 
different electron impact ion sources have been employed for the production of cations and 
anions. Solid, liquid and gas samples can be used as precursor in these sources. The gaseous 
samples are easy to inject inside the source while liquids are kept in a bubbler and carried to the 
source by inert carrier gases. The solid samples are resistively-heated in an electrical oven 
attached to the ion source to vaporize; under vacuum solids sublimate easily. The diluted 
precursor by helium (normally 1:4) has been used to enhance the lifetime of the filament. The 
cation producing source is shown in Figure 2.4 (left). 
This source consists of two hollow cylinders made of stainless steel with outer diameters 3.5 and 
4.5 cm. The smaller cylinder is situated inside the larger one and electrically isolated from each 
other by ceramics. The inner cylinder, set at a potential ~ 50 V, is used as the anode. The cathode 
is represented by the filament. Tungsten (W) and rhenium (Re) made wires have
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been used for filament. Oxygen containing precursors react vigorously with tungsten and form 
WO2 which shortens the lifetime of filament. Thus, rhenium were employed for these samples. 
Normally heated by 7-9 A current is enough to emit electrons from filament. After stabilizing the 
discharge current without any sample, the precursor gas is injected into the source. Production of 
species larger than the precursor in discharge are usually seen. For instance, naphthalene 
(m/z=128), triacetylene (m/z=74) cations are always present in the mass spectrum of diacetylene 
(HC4H) sample. 2,4-hexadiyne (C6H6) shows efficient production of larger species particularly 
m/z=115, 141, 152, and 156 in cation source.
19
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Mass spectra of pure C3O2 (red), pure HC4H (black) and 1:1 mixture of C3O2 and 
HC4H (green trace) recorded using discharge source. The ion-molecule reaction 
product H2C6O
+
 (m/z=90) is in pink.
20
 
 
Bi-component gas mixtures are very useful to generate a larger variety of species. The primary 
fragments of the individual molecules react in the plasma and produce exotic species. The 
production of H2C6O
+
 (m/z=90) is an example of this. The m/z = 90 peak was not present either 
in the mass spectra of pure C3O2 or HC4H while 1:1 mixture of C3O2 and HC4H yielded the peak 
at mass 90 (Figure 2.5). The H2C6O
+
 generated in the ion source via the ion-molecule reaction 
between C2O (C3O2
+
 → C2O + CO
+
) and HC4H
+
. The formation of CO and C2O
 
unit is apparent 
in above Figure.
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 Anions were produced using the ion source shown in Figure 2.4 (right). Filament 
mounnted on the cathode floats at a potential 150-200 V and similarly emits electrons after 
heating by 7-9 A of current. By monitoring the discharge between cathode and extracting plate 
(~100 V) one could regulate the degree of ionization. The diameter of the orifice on extraction 
plate is chosen smaller than that of cation producting source to prevent the interconnection 
among extracting electrodes through electron plasma. 
Slow electrons are needed for the efficient formation of anions. The volume after the filament 
surrounded by ceramic cylinder is given for the slow sputtering of molecule by ejected elctrons 
from filament.  
 With these two sources it is possible to work for several hours, but after 4-5 hours of 
functioning the entire inner part is coated by soot and the source become too hot. These factors 
diminish the ion production efficiency.  
 
Chemical Ionization (CI) 
The chemical ionization (CI) is a relatively soft ionizing technique compared to EI. CI is more 
focused to study molecular ions. The fragmentation of precursors during EI can be avoided by 
employing CI. CI is carried out via transfer of proton, electrophilic addition, anion abstraction 
and charge exchange. In this dissertation, protonated polycyclic aromatics (H
+
-PAHs) have been 
generated via proton transfer process.
21
 The ethanol or toluene can be employed as protonating 
agent. In situ generated EtOH2
+ 
or C7H9
+
 by colliding with the neutral precursor tranfers proton.  
PAH (accepter) + EtOH2
+
 (donar) → H+-PAH + EtOH 
Several aspects of CI technique are similar to EI and the protonation experiments have been done 
using same ion source with slight modification. The efficiency of phototransfer lies on the 
effective collisions between donar and acceptor. Therefore, small orifice of extracting plate has 
been used to achieve high pressure inside the soure. the production of EtOH2
+
 (m/z= 47) is 
apparent in Figure 2.6 (inset). The generation of protonated fluorenone H
+
-FL (m/z=181) is 
directly proportional to the strength of EtOH2
+
 peak.  
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Figure 2.6: Formation of protonated fluorenone H
+
-FL by chemical ionization technique. EtOH 
is used as the protonating agent. 
 
 
This reactions are driven by the difference in photon affinity between the donar and the accepter. 
Dissociative protonation is occurred for the difference more than 100 kJ mol
-1
 due to high 
exothermicity of the reaction.
22 
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2.2.2 Ion Guide  
The ions after extracting from the source need to be guided otherwise they would be scattered 
due to the electric repulsion and velocity distribution. Electrostatic lenses are employed for the 
focusing of the ions. Most of lenses are cylindrical with 20 mm inner diameter (Figure 2.7). The 
disk-shaped ones with smaller apertures are used between chambers of different vacuums. 
Typical pressures inside segments of the instrument are − source chamber: 2 x 10-6 mbar; QMS 
chamber: 1 x 10
-7
 mbar; matrix chamber: 2 x 10
-8
 mbar. Metal grid has been used as a cylindrical 
lens in the source chamber to pump off the carrier gas and neutral impurities. Cylindrical grids 
generate similar potential field as the solid ones. Focusing occurs between the lenses while ions 
fly in constant potential inside the cylindrical electrodes.  Detail discussion on focusing of ions 
can be found elsewhere.
23
  
 
 
 
 
 
 
 
 
 
 
                 Cylindrical lens                                            Cylindrical lenses made of metal grids 
 
Figure 2.7:  Two different types of cylindrical electrostatic lenses 
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2.2.2.1 Quadruple Mass Filter 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Schematic representation of a quadruple mass analyzer (QMS) set-up. The compact     
arrangement of rod electrodes is shown in inset. 
   
The mass-selective deposition of species in matrix simplifies the spectral interpretation by 
expurgating the range of plausible absorbers. For instance, if multiple electronic systems are 
observed in MI spectroscopy after mass-selected deposition then they are likely transition of 
different isomers only.  
Quadrupole mass filter (QMS) is currently in widespread use for mass spectrometry. It offers 
several advantages such as linear mass range, fast scanning ability, operating in continuous and 
pulse modes and high transmission. The QMS is comprised of four parallel metal rods as 
electrodes aligned symmetrically in a square array and compactly constituted on a teflon made 
frame (inset, Figure 2.8). Two opposite rods have an applied potential +(U+Vcosft) and the 
other pair has potential −(U+Vcosft). U is the DC voltage, and Vcosft is the radio-frequency 
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potential where V is the amplitude and f is the frequency. A constant potential (B) is applied to 
each rods.  Hence, the total potential () applied to the opposite filter electrodes is: 
                 
The principle of QMS is based on the control of ion trajectories by a set of dc current and radio-
frequency (rf) voltages. Ions injected inside quadrupole experience an oscillating potential down 
the ways (Z-axis) and a certain combination of U and V transmits a definite mass-to charge ratio 
(m/z). Ions of other m/z ratio are thrown out by the quadrupole field. The stable ion trajectory is 
shown in Figure 2.8 in red.  
The mass spectra are recorded by monitoring the ion passing through the filter by changing the 
quadrupole field. There are two common settings: 1) varying the angular frequency  (f) 
and keeping U and V constant, 2) scanning U and V together maintaining constant U/V ratio at 
certain The 2nd procedure has been followed in our experiment. 
 
Figure 2.9: a) The stable and unstable trajectory region for a certain mass (m1), b) the mass scan 
lines, simultaneous increase of U and V keeping U/V constant, c) effect of U/V 
ratio on the resolution of mass spectrum. 
 
The mass resolution 
 
  
 needs to be almost 1 a.m.u for selective deposition of the species of 
interest. The resolution and the mass range of QMS depend on the amplitude V and
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frequency f of AC voltage, length of rod electrodes L, half distance ro between two opposite 
electrodes and the initial kinetic energy E kin,z of ions along the propagating axis (Z).  
Resolution (
 
  
) particularly lies on the number of rf cycles of ion within QMS and its kinetic 
energy along the propagating axis (Z).  
 
  
∝
     
      
 
  
The stable trajectory region of a certain ion of mass m1 is shown in Figure 2.9. The mass scan 
line (U/V) monitors the resolution of the mass spectrum. 
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2.3 Spectroscopic Measurement  
The isolated species at 6 K neon matrices have been characterized by electronic spectroscopy. 
The spectral survey is conducted with several 60-70 nm overlapping sections covering 270-
1100 nm. Two wavelength specific light sources, xenon arc (250-390 nm) and halogen lamp 
(370-1100 nm), are used for spectral measurements. The schematic representation of detection 
system has been shown in Figure 2.10. Broadband light after passing through two quartz 
concave lenses are focused onto the entrance slit. The beam transverse through the 20 mm matrix 
in ''wave guide'' manner is focused on a bundle of optical fiber. Thereafter, the light is transferred 
to the spectrograph through the 2 meter (m) long optical fiber bundle. The spectrograph with a 
focal length 0.3 m, a resolution 0.1 nm and effective aperture f/4 (ANDOR Shmrock 303) is 
used. It is equipped with three gratings on a rotatable turret and two wavelength specific (open 
electrode: OE, 430-1100 nm and back illuminated BU, 220-430 nm) CCD cameras.     
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: The layout of optical detection system with spectrograph. The passing of light 
through the matrix in ''wave guide'' fashion is shown inside a red circle.
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As the white light without passing through monochromator is directly focused on the matrix, 
hence there is always an issue of photoconversion
24
 of trapped species during measurement due 
to high intensity of incident light. Special cares are taken during spectral survey. The light 
intensities are reduced by using appropriate cut-off filters and also by choosing lowest possible 
exposure time of matrix during recording of spectra. A manual shutter is placed between light 
source and quartz lenses to turn off the light exposure as soon as possible after the completion of 
the measurement. Scans are always carried out form the red end (1100 nm) and continued to UV 
(270 nm). To know whether photoprocessing was taken place or not, the whole range has been 
repeated once again. Neon microcrystals at 6 K rigidly hold the guest molecules and only allow 
hydrogen- or proton-switching processes. Cis-trans photoisomerization is very unlikely.
24
 The 
wavelength correction of electronic spectra has been done using pen-ray (Ne/Ar/Kr/Xe/Hg 
atomic line) lamps attached just beside the diffuser (Figure 2.10).  
Fluorescence study 
 
 
 
 
 
 
 
 
 
Figure 2.11: The set-up for an emission measurement. 
 
The fluorescence has been recorded after exciting the isolated species by laser beam. Several 
isomers can co-exist in the matrix after mass-selected deposition of ions. In this context, laser 
induced fluorescence measurement plays a crucial role to discriminate the spectral contributions
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from different structures. The matrix is illuminated at an incident angle 45
◦
 with a pulsed (20 Hz) 
Nd:YAG-pumped tunable OPO (EKSPLA NT 342/3/UVE) laser. This laser has bandwidth of 3-
8 cm
-1
 with energies 2-30 mJ depending on spectral region. The coherent beam is guided by few 
irises and mirrors and finally projected onto the surface with 45
◦
 inclination. The fluorescence is 
collected perpendicular to the substrate surface. Laser beam only focuses onto a small section of 
the matrix, therefore, signal to noise ratio in emission spectra is normally lower than that of 
absorption spectra.   
2.4. Experimental Tricks 
A mixture of neon with chloromethane (CH3Cl) in a ratio 1 : 30000 is used to trap cations. 
Impingement of ions with the metal walls of the instrument produces electrons and they 
neutralize the deposited cation. CH3Cl (electron affinity ~ 3 eV) acts as the electron scavenger. It 
captures free electrons and dissociates to CH3
•
 and Cl
−
; Cl
− 
reduces the space charge of the 
matrix
 
and facilitates to pursue deposition of cations for hours. Both CH3
•
 and Cl
− 
possess no 
absorption in experimental detection range, 270-1100 nm.  
The spectral survey is carried out after the deposition and thereafter, the matrix is exposed to UV 
photons ( < 260 nm) for 17-25 minutes to distinguish the neutral and cationic absorptions. The 
UV light is generated from a high pressure mercury lamp. The irradiation causes 
photodetachment electrons from Cl
−
. These electrons then recombine with trapped cations after 
migrating through the lattice and form neutrals. Therefore, the peak intensity of neutrals increase 
and the cationic bands diminish. The electron affinity of chloride is around 3.61 eV in gas-phase. 
Due to the matrix environment, the photodetatchment threshold of Cl
−
 is expected to be higher 
by ~0.5 eV compared to gas-phase. Therefore, one can expect 300 nm (4.1 eV) light to be 
enough for detachment of electron from Cl
−
. Cut-off and bandpass filters are also chosen for 
irradiating specific band(s).  
During deposition of anions no such scavenger to reduce the space charge of the matrix has been 
used. The ion current of anion drops almost 3-4 times after 5 minutes of deposition and this fall 
continues. Therefore, for a successful experiment with anion, the initial ion current of that 
particular m/z species must be very high, at least around 12-14 nA. To overcome
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the repulsive space charge of matrix, anions are deposited with very high kinetics energies which 
also causes fragmentation of a portion of deposited species.  
C2
+
 and N2
+
 (impurity) are the common species observed in experiments with cations, while with 
anions a large number of collisionally-induced fragments such as C3, C2, C2
−
, N2
+
, CNN, NCO, 
are generated.      
 List of common matrix impurities and their absorption wavelengths (nm) 
v' ← v''  0 ← 0   1 ← 0   2 ← 0   3 ← 0   4 ← 0 
OH   309  283  262  
C2             1020  886.7  780.7  688  232.3 
C2
+
             505.8  470.3  439.8 
C2
−  
           528  479  439 
N2
+  
           397  364  336 
C3            405.8   
CNN            420.8  407.2  
C2O                854.7  727.8  634.9  
CO2
+  
           288.5  277 
NCO            439  316 
CN            1098  918  791  695 
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2.5 Quantum-Chemical Calculation 
Due to excess energy, fragments formed via dissociative ionization of precursors in ion source 
isomerize to different structures. Absorption measurements after mass-selected deposition often 
reveal several electronic systems. Their different molecular origin is elucidated by band widths 
and vibrational profiles but exact structural assignments cannot be made. The relative population 
of isomers in the matrix depends upon their ground state stability, kinetics of the ion-molecule 
reaction processes happening inside the source and to some extent on the structure of the 
precursor. The precursor dependency on the structure of the ions only prevails under low 
electrical discharge otherwise in high discharge condition plasma chemistry always favors the 
most stable isomer. However, to pursue the structural assignment of the carriers, normally 15-20 
plausible isomers of deposited species are envisaged and optimized with DFT and MP2 methods 
for equilibrium geometry.
25
 B3LYP/M062X functional and cc-pV[D/T]Z basis sets are employed 
to describe the system.
26-29
 Augmentated  basis sets have been used for electron rich systems like 
anions. Harmonic frequencies for each structure are calculated to ensure the real minima rather 
some transition state. The most stable structure, global minimum, and the isomers within 
100 kJ/mol in the potential energy surface are expected to form in the ion source. Ground-state 
optimization also renders the information about the location of charge in case of cations and 
anions. 
The geometries obtained from DFT or MP2 optimization are used for the calculation of 
excitation energies of the isomers along with the oscillator strengths of the transitions. TD DFT, 
SAC-CI
30,31 
and CASPT2
32
 methods were employed for this. DFT, TD DFT, MP2, SAC-CI 
calculations were carried out using Gaussian09 program package.
33
 The higher level calculations 
with CASPT2 (implemented in MOLCAS software
34
) are done by Dr. J. Fulara. TD DFT or 
SAC-CI produce very reliable value of excitation energies for closed shell species (singlet) while 
high level approach CASPT2 is needed for open shell ones. However, depending on the ground 
state stability and the agreement between the predicted and observed transition energies 
structural assignments are made. The comparison between vibrational progression bands and the 
calculated harmonic frequencies supports the assignment.  
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ELECTRONIC TRANSITIONS OF C7Hn (n=3-5) 
CATIONS AND RADICALS 
 
Mass selective deposition of C7H3
+
 (m/z=87) into solid neon has revealed the 1 
1
A1 ← X 
1
A1 
electronic absorption system of hepta-1,2,3,4,5,6-hexaenylium B
+
 [H2CCCCCCCH]
+
 with origin 
band at 441.3 nm, 1 
1
A
' ← X 1A' transition of 1-ethynyl-2,4-pentadiynylium C+ 
[HCCCHCCCCH]
+ 
starting at 414.6 nm and the 1 
1
A1 ← X 
1
A1 one of 1,3-butadiynyl-
cyclopropenylium A
+
 [HCCCCC<(CH=CH)]
+
 with onset at 322.2 nm. Vibrationally resolved 
fluorescence was recorded for isomer B
+ 
upon laser excitation of the absorption bands in the 
1 
1
A1 ← X 
1
A1 electronic system. After neutralization of the cations in the matrix four absorption 
systems of the C7H3 radicals starting at 530.3, 479.4, 482.3 and 302.5 nm were detected. These 
are identified as the 1 
2
A
' ← X 2A' and 2 2A' ← X 2A' electronic transitions of 2-(buta-1,3-
diynyl)cycloprop-2yl-1-1ylidene E [HCCCCC<(C=CH2)], 1 
2
B1 ← X 
2
B1 of 1,2,3,4,5,6-
heptahexaenyl B and 3 
2
B1 ← X 
2
B1 of  3-buta-1,3-diynyl-cyclopropenyl A, respectively.  
Absorptions commencing at 602.6 nm are detected following deposition of mass-selected 
C7H4
+
 (m/z=88) in a 6 K neon matrix produced from a 1:1 mixture of diacetylene and propyne in 
an ion source. The strongest band at 602.6 nm, and a weaker one at 421.1 nm, are assigned to the 
1 
2E ← X 2E and 2 2E ← X 2E electronic transitions of methyltriacetylene cation 
(CH3CCCCCCH
+
), based on mass-selection, spectroscopic analysis of the vibrational structure 
and the calculated excitation energies. Structured fluorescence is detected in the 600-760 nm 
range upon laser excitation of absorption bands of CH3CCCCCCH
+
. 
Fulvenallenyl radical (HCC-cyc-C5H4) has been produced in 6 K neon matrices after mass 
selective deposition of C7H5
¯ 
and C7H5
+
 generated from organic precursors in a hot cathode ion 
source. Absorptions commencing at 401.3 nm are detected following photodetachment of 
electrons from the deposited C7H5
¯
 and also by neutralization of C7H5
+
 in the matrix. The 
absorption system is assigned to the 1 
2
B1 ← X 
2
B1 electronic transition of fulvenallenyl radical 
on the basis of calculated vertical excitation energies. The vibrational progression bands concur 
with the structure of fulvenallenyl radical. Fulvenallenyl anion and the radical are the global 
minimum of the potential energy surface of C7H5
¯
 and C7H5, respectively.  
3 
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3.1 INTRODUCTION 
Several classes of unsaturated species including polycyclic aromatics are produced during 
combustion of hydrocarbons in an oxygen deficient environment, as established by gas 
chromatography and molecular beam mass spectrometry (MBMS).
1-5 
However, this production 
of larger aromatics during the pyrolysis of small hydrocarbons is still a mystery. It is conceived 
that resonance stabilized organic radicals, having high thermal stability and resistance to 
oxidation in flames, could be the precursors and chain propagators in this mass growth process. 
Theoretical kinetics and MBMS emphasize on C2n+1H3 class of molecules.
5-9 
The recombination 
mechanism of propargyl radical, C3H3, was considered as one of the key processes for larger 
aromatics formation.
10-12
 The generation of benzene was detected in a self-reaction of propargyl 
radical in high-pressure shock tube experiments.
13 
But the further experimental evidences were 
not conclusive to establish its role in the generation of higher aromatics in sooting environments. 
In this context, the higher carbon chain analogue, C7H3
+/0
, presents an intriguing subject for 
spectroscopic exploration, and moreover the identification of the electronic absorptions of 
various isomers will enable their in situ monitoring in soot formation. There is only 
circumstantial experimental and computational understanding on C7H3
 
species; gas-phase 
electronic spectrum of a C7H3 radical by resonant two-color-two-photon-ionization (R2C2PI) 
technique is reported.
14
 
Fulvenallenyl radical (C7H5) FA has drawn attention as one of the key intermediate in 
polycyclic aromatics formation in sooting environment ever since its generation in a toluene 
pyrolysis has been established by comparing the theoretical and experimental ionization 
energies.
15 
FA is considered as a very stable radical because of its conjugated propargyl and 
cyclopentadienyl sub-units. The formation of C7H5 in electrical discharge from acetylene, allene, 
diacetylene, cyclopentadiene, benzene and toluene is established by mass spectrometry. 
Computational models suggest low energy pathways for polycyclic aromatic hydrocarbons 
(PAHs) formation by the self-assembly of FA radicals or via addition of diacetylene to 
fulvenallenyl.
16
 
Interstellar clouds contain a rich collection of exotic molecular systems because of very 
low density and temperature.
17a
 A C7Hn species, methyltriacetylene (C7H4), has already been 
identified towards TMC-1.
17b
 The broad mid-infrared emission features detected in space have
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been attributed to vibrational transitions of PAHs.
18
 Interstellar origin of these aromatics is still 
unknown. It is considered that PAHs are formed at high temperatures (≥ 4800 K) in the outflow 
of post-AGB stars where chemistry is similar to the terrestrial combustion systems.
19
 Therefore, 
one could envisage the existence of resonance stabilized C7Hn species in the interstellar medium. 
So, this class of longer chain unsaturated radicals and cations carry significant interest in 
terrestrial combustion processes and astrochemistry, and their spectroscopic knowledge is 
needed. The C7Hn
+
 and C7Hn
 
species are also relevant in the planetary atmosphere of Saturn’s 
moon Titan.
20
 
This chapter focuses on the electronic characterization of C7Hn
+/0
 (n=3-5) species isolated 
in neon matrices at 6 K. C7Hn
+
 or C7Hn
− 
ions are produced in two different ion sources, then 
mass-selected and co-deposited with neon onto cold substrate and subsequently neutralized. On 
the basis of the electronic excitation energies obtained by CASPT2 calculations after ground- 
state optimization of the possible isomers, the structural assignments of the absorbers have been 
made.  
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3.2 PRODUCTION OF IONS 
 
 
 
 
 
 
 
 
 
Chart 3.1: The precursors used for the generation of C7Hn
+/‒ 
ions 
 
The C7Hn cations and anions were produced from several organic molecules via dissociative 
ionization in discharge sources.
21
 Toluene was used as a precursor of C7H3‾ and C7H5‾. C7H3
+
 
was produced from indene and 1:1 mixture of diacetylene and propyne. C7H4
+
 and C7H5
+ 
were 
generated also from this 1:1 mixture of diacetylene and propyne. Alongside toluene, -
dichlorotoluene, phthalide, spiro[2.4]hepta-4,6-diene, ethynylferrocene have been employed for 
the production of C7H5
+
. 1:1 mixture of diacetylene and propyne and indene are the rich sources 
for C7Hn
+ 
ions and m/z=89, C7H5
+
, is the strongest peak after the parent ions in the mass spectra. 
Structures of all these precursors are shown in Chart 3.1. 
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3.3 RESULTS AND DISCUSSIONS 
3.3.1 C7H3
+
:  
3.3.1.1: Absorption 
 
Figure 3.1: Electronic absorption spectra recorded in neon matrix after mass-selected deposition 
of C7H3
+
 (black) and after 30 min irradiation by λ < 260 nm photons (green). The 
spectrum obtained after deposition of high kinetic energy (~90 eV) C7H3
+
 is in blue. 
The transitions of l -HC7H
+
 (red) and l -HC7H (light blue) were identified in earlier 
studies.
22,23 
Strong absorptions are recorded in the 300−450 nm range (Figure 3.1) along with some weaker 
ones between 470 and 540 nm after mass-selected deposition of C7H3
+
 in a neon matrix 
containing trace of CH3Cl (1 : 30000). The strongest as well as very sharp peak is seen at 441.3 
nm, and a relatively broader absorption at 414.6 nm (Figure 3.1, black trace). In addition, an 
electronic system with onset at 322.2 nm is apparent. To distinguish absorptions of the cations 
from neutrals, the matrix was exposed to λ < 260 nm photons from a medium pressure mercury 
lamp. The Cl‾ anions generated from CH3Cl during deposition (see Chapter 2, section 2.4) 
release electrons which recombine with C7H3
+
 producing neutral species. The intensity of the 
absorption systems commencing at 441.3, 414.6 and 322.2 nm decreased while the bands around 
325, 530.3 and 482.3 nm became stronger after irradiation (Figure 3.1, green traces). A 
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moderately intense band with doublet structure is present in the spectrum around 305 nm. One 
component of this decreases and other increases upon irradiation due to the superposition of a 
cationic and a neutral absorption. The peaks which diminish are of C7H3
+ 
isomers while those 
gain intensity correspond to C7H3 neutrals. The two weak bands at 448 and 407 nm (Figure 3.1, 
black trace) that diminish after irradiation are due to l-HC7H
+
, a polyacetylene cation,
22
 formed 
by collisionally-induced fragmentation of C7H3
+
 during growth of the matrix. 
To distinguish absorptions of the primary isomers from the collision-induced ones, C7H3
+ 
with 90 eV kinetic energy was deposited. The spectrum obtained (Figure 3.1, blue trace) is 
compared with the one recorded with 50 eV kinetic energy. The spectra have been normalized to 
the intensity of the strongest band at 441.3 nm. As expected the absorptions of the l-HC7H
+
 
fragment are much stronger with 90 eV deposition energy. The bands of neutral species which 
gained intensity upon UV irradiation are stronger in this blue trace. Additionally, a moderately 
intense system at 505 nm appeared. It is identical with the electronic spectrum of l-HC7H 
obtained previously
23
 as shown in the light blue trace of Figure 3.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: A section of the absorption spectra recorded: after deposition of C7H3
+
  with ~50 eV 
deposition energy (black), after 30 min irradiation by a medium pressure mercury 
lamp λ < 260 nm (green), after deposition of C7H3
+ 
cations with kinetic energy 
~90 eV (blue) and after depositing C7H3
‾
 followed by irradiation (pink).
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Figure 3.2 is a close up of the region where the differences in the spectra recorded with 
kinetic energies of 50 and 90 eV are pronounced. Apart from the absorptions of l-HC7H
+
, two 
absorptions of neutral C7H3 species with onsets at 530.3 and 482.3 nm are observed. The 
intensities of these absorptions are much stronger in the spectrum obtained by mass selected 
deposition of C7H3
‾
 anions followed by irradiation (pink trace). The relative intensities of the 
530.3 and 482.3 nm systems vary with deposition energy and also upon irradiation, which 
suggests that these bands belong to two C7H3
 
isomers. The origin of the 530.3 nm system lies 
close to the absorption onset (528.3 nm) of 2-(buta-1,3-diynyl)cycloprop-2yl-1-1ylidene radical 
(isomer E in Chart 3.2) recorded in gas-phase
14
 and the pattern of the vibrational progression is 
similar. The enhancement of the relative concentration of isomer E in the matrix with higher 
kinetic energy deposition, as well as in C7H3
‾
 anion deposition at even higher kinetic energy 
~150 eV, elucidates that E is produced as a secondary product during matrix growth. The 
primary ions should have a similar structure as E, a cyclic three-membered carbon ring with a 
butynyl group C4H attached. Stronger absorption of l-HC7H
+
 seen in the spectra obtained with 
higher than 50 eV deposition energy indicates that the other primary C7H3
+ 
absorbers have open 
chain structure, from which the removal of a hydrogen atom easily produce l-HC7H
+
 in the 
matrix. Though the identification of the absorptions from secondary products of C7H3
+
 produced 
under higher kinetic energy conditions provides a hint about the structure of the primary absorber 
cations, but this information is not sufficient to assign specific C7H3
+
 isomers. Theoretical 
studies on the stability of different isomers of C7H3
+
 and the corresponding neutrals as well as 
excitation energies of these species are needed and have been carried out (vide infra). All 
absorption wavelengths are given in Table 3.1. 
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3.3.1.2: Fluorescence 
All the intense absorption bands seen in Figure 3.1 were excited with a laser for 
fluorescence measurement after depositing C7H3
+
 with neon. The concentration of the CH3Cl 
scavenger was kept lower (1: 50000) to have enough concentration of cations as well as neutrals 
in the matrix. The neutral systems at 530.3 and 482.3 nm do not fluoresce. However, a structured 
emission system was detected, commencing at 442.7 nm and extending to 514 nm, after laser 
excitation of the sharp band at 441.3 nm (Figure 3.3). The same fluorescence spectrum, though 
less intense, was obtained after the laser excitation of the weak absorptions lying 558, 809 and 
1087 cm
-1 
above the 441.3 nm peak and it confirms that these bands belong to the 441 nm 
electronic system. Origin of the fluorescence and absorption overlap at 442.4 nm which is the 
zero-phonon line (ZPL) of the two spectra. The wavelengths of the fluorescence bands are 
collected in Table 3.2. No fluorescence was detected upon excitation of the 414.6, 322.2, 325 
and 303 nm bands. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Electronic absorption (blue trace) and fluorescence (red trace) spectra of isomer B
+ 
recorded in a 6 K neon matrix. The fluorescence was recoded by exciting the ν9 
absorption band of the 1 
1
A1 ← X 
1
A1 system. 
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Table 3.1: Absorption band maxima ( 0.1 nm) in the electronic transitions of C7H3
+ 
and C7H3
 
isomers in neon matrices.
30
 The assignment is based on the calculated harmonic frequencies of 
the totally symmetric vibrations given in the footnote. Structural assignments are discussed in 
section 3.3.1.3. 
  
λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 
A
+
 
322.2  31037  0                
0
00    1 
1
A1 ← X 
1
A1 
316.8  31566  529   ν9 
303.2  32982  1945   ν4 
298.5  33501  2464   ν9+ ν4 
 
B
+
 
441.3  22660  0                      
0
00    1 
1
A1 ← X 
1
A1 
430.9  23218  558    ν9 
426.1  23469  809   2ν21
 
421.2  23747  1087    ν8 
 
B
 
482.3  20734       0  
0
00    1 
2
B1 ← X 
2
B1 
474.6  21070     337    2ν15 
 
 
C
+
 
414.6  24120       0  
0
00    1 
1
A' ← X 1A' 
406.6  24592      462   ν14 
402.5  24845      725   ν10 
 
E
 
530.3  18857       0  
0
00    1 
2
A
' ← X 2A' 
516.8  19350      493   ν14 
515.5  19399      542   ν13 
504.8  19810      953   ν9 
479.4  20859      0  
0
00    2 
2
A
' ← X 2A' 
472.2  21177      318  ν15     
 
Totally-symmetric vibrations (cm
-1
) of the identified species calculated at the DFT /cc-pVDZ level: 
A
+ 
(a1): ν1− ν9: 3451, 3314, 2378, 2098, 1739, 1425, 1114, 929, 538; 
B
+ 
(a1): ν1− ν9: 3442, 3157, 2543, 2245, 2088, 1532, 1431, 1049, 545; 
B
 
(a1): ν1 − ν9: 3669, 3239, 3021, 2711, 2247, 1472, 1083, 1008, 537; 
C
+ 
(a'): ν1 − ν17: 3440, 3435, 3164, 2495, 2199, 2115, 1471, 1260, 1068, 776, 710, 685, 507, 472, 267, 
179, 65; 
E (a'): ν1− ν16: 3647, 3045, 2955, 2553, 1621, 1353, 1217, 1098, 952, 947, 801, 744, 587, 508, 269, 109. 
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Table 3.2: Fluorescence band maxima ( 0.1 nm) of the 1 1A1 → X 
1
A1 electronic transition of 
isomer B
+
 trapped in a neon matrix at 6 K.
30
 The assignment is based on the calculated harmonic 
vibrational frequencies given in the footnote of Table 3.1. 
λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 
442.7  22589  0                     
0
00    1 
1
A1 → X 
1
A1 
452.9  22080  509  ν9 
463.6  21570  1019  ν8 
487.0  20534  2055  ν5 
500.0  20000  2589               ν9+ ν5    
513.5  19474  3115  ν2 
 
3.3.1.3 Computations: comparison with experiment 
Geometry optimization of nine plausible C7H3
+
 isomer and their corresponding neutrals 
(Chart 3.2) was carried out with DFT using B3LYP functional and the cc-pVDZ basis set. 
Harmonic vibrational frequencies in the ground state were calculated to check whether the 
structures are real minima on the potential energy surface (PES) or not. The DFT optimized co-
ordinates have been used further for the excitation energy calculation. 
Chart 3.2: Structures of the nine most stable isomers of C7H3
+
. The relative ground state energies 
(kJ mol
-1
) of the cations are given in black; neutrals in blue and anions in red.  
 
 
 
 
 
 
                                                                         C7H3 species: Theory-Experiment Comparison 
 
84 
 
The vertical excitation energies were calculated using a second order multiconfigurational 
perturbation theory (CASPT2) implemented in the Molcas program package. 13 electrons 
partitioned in 13 orbitals formed the active space and six roots were calculated for the irreducible 
representation of each species. The vertical excitation energies obtained are given in Table 3.3 
and compared with the origin band positions in the spectra of C7H3
+
 and C7H3 in neon matrices. 
The results for the five lowest energy structures, A
+
, B
+
, C
+
, F
+
, J
+
 and for isomer E (responsible 
for the 528.8 nm electronic system identified in a gas–phase study14), are discussed below in next 
paragraphs. The structures of the A, B, C, D, E, F, G, H and J are presented in Chart 3.2 
together with the ground state energies calculated for the cationic, anionic and neutral forms. The 
bond lengths for the cations, calculated with the DFT method, are shown. The global minimum 
on the C7H3
+
 PES is isomer A
+
, a three - membered carbon ring fused with the linear C4H chain. 
The second lowest energy structure F
+
 has the same three - member carbon ring motif but with 
two ethynyl groups attached. The next in energy isomer J
+
 - fused three and six carbon rings – is 
located 40 kJ/mol above A
+
 according to DFT calculation. Isomers B
+
 and C
+
 are almost 
isoenergetic and lie 61 and 69 kJ/mol above A
+
. Cation E
+ 
lies 452 kJ/mol above A
+
. However 
E
+
 is also under consideration because the electronic transition of neutral E is observed in the 
present studies. The most stable structure of neutral C7H3 is J.  
 
Table 3.3: Electronic excitation energies Ecal (eV) and oscillator strength (f) of the dipole 
allowed electronic transitions for C7H3
+
 and C7H3 isomers calculated by the MS CASPT2 
method and comparison to the experimental observations Eexp.
30
 [not observed = n.o.] 
 
 Transitions  Ecal  f  Eexp   
 
A
+
 1 
1
A1 ← X 
1
A1 4.13  0.401  3.85  
 2 
1
A1 ←  5.99  0.012 
 
A
 
1 
2
A2 ← X 
2
B1  1.72  0.000    
 3 
2
B1 ←  4.76  0.133  4.09 
 
B
+
 1 
1
A1 ← X 
1
A1 2.99  0.334  2.81   
 2 
1
A1 ←  3.95  0.020      
  3 
1
A1 ←  4.21  0.000     
            4 
1
A1 ←  5.53  0.010      
 
B
    
 1 
2
B1 ← X 
2
B1  2.46  0.002  2.57    
 2 
2
B1 ←          5.73  0.001      
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C
+ 
1 
1
A' ← X 1A'  3.13  0.641  2.99    
 2 
1
A' ←  4.17  0.030     
            3 
1
A' ←  4.73  0.001     
            4
1 
A' ←  5.19  0.040    
 
C 1 
2
A'' ← X 2A'' 3.21  0.030  n.o.            
            2
  2
A'' ←  4.42  0.010     
            3
 2
A''←  5.08  0.008     
            4
 2
A''←  5.57  0.020  
 
D
+
       1 
1
A1 ←X 
1
A1  5.11  0.017  n.o.    
           2 
1
A1 ←    5.90  0.011      
          
D
    
 2 
2
B1 ←X 
2
A2  2.49  0.002   n.o.    
 4 
2
B1 ←  4.87  0.026      
1 
2
A2 ←  3.28  0.003 
 
E
+
 1 
1A'← X 1A'  0.68  0.000  n.o.   
2 
1A'←           2.94  0.030     
 3 
1A'←           3.10  0.172     
            4 
1A'←            3.26  0.030  
 
E
    
1 
 2
A'← X 2A'  2.28  0.010  2.34    
 2 
2
A' ←           2.56  0.002  2.58   
 3
 2
A'←           3.43  0.001     
            4
 2
A' ←           3.86  0.005     
5
 2
A' ←            5.30  0.020     
F
+
 1 
1
A1 ← X 
1
A1 5.46  0.132  n.o.  
 2 
1
A1 ←  6.15  0.012 
  
F
 
1 
2
B1 ← X 
2
A2  1.15  0.031  n.o    
 2 
2
B1 ←  4.44  0.040             
 3 
2
B1 ←  5.67  0.192 
 
G
+ 
1 
1
A' ← X 1A'  2.60  0.004  n.o.     
 2 
1
A' ←  2.69  0.155  n.o.    
            3 
1
A' ←  4.31  0.348 
 
G
 
1 
2A ← X 2A  4.54  0.002   n.o. 
 
H
+ 
1 
1
A' ← X 1A'  2.59  0.133  n.o.    
 2 
1
A' ←  4.15  0.292     
            3 
1
A' ←  4.33  0.024 
4 
1
A' ←  5.48  0.359 
 
H
 
        1 
2A ← X 2A  3.59  0.002   n.o.
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2 
2A ←  4.17  0.005     
J
+
 1 
1
B2 ← X 
1
A1  4.30  0.064  n.o.  
 1 
1
B2 ←  5.80  0.003 
 1 
1
A1 ←  5.29  0.013 
            2 
1
A1 ←  5.89  0.110 
 
J
 
1 
2
B1 ← X 
2
B1  3.36  0.055  n.o.  
 2 
2
B1 ←        4.84  0.074             
 3 
2
B1 ←  6.42  0.190 
 3 
2
A2 ←  3.30  0.021 
 4 
2
B1 ←  5.25  0.063 
 
 
Isomers A
+
, A 
 
The ground-state of two lowest energy C7H3
+ 
isomers, A
+
 and F
+
, has X 
1
A1 symmetry. For both 
of them, the MS CASPT2 calculations predict two dipole-allowed electronic transitions to the 
1 
1
A1 and 2 
1
A1 states below 6.5 eV (Table 3.3). The first 1 
1
A1 electronic state of A
+
 and F
+ 
lies 
at 4.13 and 5.46 eV above the X 
1
A1, with oscillator strengths (f) 0.401 and 0.132, respectively. 
The second 2 
1
A1 ← X 
1
A1 absorption around 6 eV is two orders of magnitude weaker in 
intensity compared to the first one. These results are consistent with earlier CASSCF and MRCI 
calculations on cyclic C3H3
+
 which predict a electronic transition around 8 eV.
24
 Substitution of 
two hydrogen atoms in c-C3H3
+
 with two ethynyl groups (F
+
) shifts this 2 
1
A1 ← X 
1
A1  
transition to 5.46 eV. A much lower energy 4.13 eV was predicted for A
+
 where one hydrogen 
atom of c-C3H3
+
 is replaced with a butynyl group, because the electrons are delocalized over a 
larger distance. 
 c-C3H3
+
, produced from cyclic and acyclic precursors, has been studied in neon matrices. 
Electronic transition of c-C3H3
+ 
is beyond the experimental detection range (270-1100 nm) but 
its presence in
 
the
 
matrix was identified by infrared measurements.
24
 Hence, one can expect that 
A
+
 and F
+
 are also formed in the present experiments and trapped in the neon matrix, as the 
conditions were similar to those for c-C3H3
+
. F
+
 with electronic transition around 5.46 eV, could 
not be observed as this is also beyond the measurement range.  
 
  C7H3 species 
87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: The UV part of the absorption spectrum recorded after mass selective deposition of 
m/z = 87 (C7H3
+
) cations. The absorptions of A
+
 (light blue), A (black) are 
indicated. The peak in pink denoted by asterisk cannot be assigned from the 
calculated excitation energies. 
 
A
+
 has the strong 1 
1
A1 ← X 
1
A1 (f = 0.40) transition at lower energy (4.13 eV; 300 nm), 
close to the 322.3 nm absorption system. In this region, MS-CASPT2 calculations predict also a 
moderately intense 1 
1
B2 ← X 
1
A1 transition (f=0.064, 4.30 eV) for isomer J
+
. As the oscillator 
strength of the electronic transition of J
+
 is an order of magnitude smaller than the 1 
1
A1← X 
1
A1 
transition of A
+
, therefore, the 322.3 nm absorption system is assigned to the 1 
1
A1← X 
1
A1 
transition of A
+
.  
 Isomer A
+
 is likely a progenitor of neutral E in the higher kinetic energy deposition 
experiments, because these two species have the same carbon skeleton (three membered carbon 
ring with C4H chain) and differ only in the position of two hydrogen atoms; A
+
, during hard 
landing on the matrix surface, possesses enough internal energy to rearrange the two hydrogen 
atoms. 
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The section of the electronic spectrum, where the absorptions of A
+
 are present, is shown 
in Figure 3.4. Three vibrational bands located 529, 1945 and 2464 cm
-1
 above the origin belong 
to this system and correspond to the excitation of the ν9, ν4 modes and their combinations. 
Harmonic vibrational frequencies in the ground state of A
+
 calculated with DFT method are 538 
and 2098 cm
-1
. The wavelengths of the band maxima of A
+
 and the assignment are given in 
Table 3.1. 
A transition of neutral species is apparent at 303 nm in Figure 3.4. Calculations predict a 
strong 3 
2
B1 ← X 
2
B1 (f = 0.13) transition of A at 4.76 eV. Relatively much weaker electronic 
transitions of other higher energy isomers predicted in this region are not considered and the 
absorption at 303 nm (4.09 eV) is assigned to the 3 
2
B1 ← X 
2
B1 transition of species A.  
 
Isomers B
+
, B and C
+
 
The 390–460 nm section of the electronic spectrum measured after mass-selected 
deposition of m/z = 87 cations (Figure 3.5) shows two absorption systems starting at 441.3 nm 
(2.81 eV) and 414.6 nm (2.99 eV) belonging to two C7H3
+
 isomers. Only four isomers, B
+
, C
+
, 
G
+
 and H
+
 possess strong electronic transitions in this region. The G
+
 and H
+
 have been 
excluded because they have even stronger transitions around 300 nm, contrary to the 
experimental observation. Isomers B
+ 
and C
+ 
are open chain structure (Chart 3.2) and are good 
candidates for the 441 and 414 nm systems. Both cations, after removal of one hydrogen atom, 
can readily produce the l-HC7H
+
 fragment ion as observed in the higher kinetic energy studies. 
The calculations predict a strong 1 
1
A1 ← X 
1
A1 transition (f = 0.33) at 2.99 eV and a two 
orders of magnitude weaker one at 3.95 eV for B
+
; the first excited 1 
1
A
' 
state for C
+ 
is 3.13 eV 
above the X 
1
A
'
 state (f = 0.64). Three other electronic transitions of C
+
 lie in 4.2 – 5.2 eV, 
however the oscillator strengths are two orders of magnitude smaller than to the 1 
1
A
' 
state. The 
energy of the 1 
1
A1 ← X 
1
A1 transition of B
+
 matches with the onset at 441.3 nm (2.81 eV) of the 
strongest absorption system. Also the origin of the second system at 414.6 nm (2.99 eV) 
correlates well with the energy of the 1 
1
A
'
 ← X 1A' transition of C+. Therefore, the absorptions 
in the spectrum shown in Figure 3.5 are assigned to the 1 
1
A1 ← X 
1
A1 of B
+ 
and 1 
1
A
'← X 1A' 
transitions of C
+
, respectively. B
+
 is a hydrogenated form of l-HC7H
+
. In case of triacetylene 
cation HC6H
+
, addition of one hydrogen shifts the origin band from 604.2 nm (HC6H
+
)
 
to 
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378.6 nm (HC6H2
+
).
25,26
 Similarly the absorption of B
+ 
at 441.3 nm is shifted ~160 nm to the blue 
in comparison to HC7H
+
 (599.8 nm ).22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Visible portion of the absorption spectrum showing two electronic systems of the B
+
 
(red) and C
+
 (black) isomers of C7H3
+
 obtained after mass selected deposition of 
m/z = 87 cations in a neon matrix. 
The vibrational bands present in the absorption and fluorescence spectra of B
+
 are 
assigned on the basis of calculated ground-state harmonic frequencies of B
+
 (Table 3.1 & 3.2). 
Four totally symmetric a1 modes: 9, ν8, ν5 and 2 are active in the fluorescence spectrum of B
+ 
and only the two former vibrations in the absorption. There is an absorption peak between the 9 
and ν8 bands at 809 cm
-1
 above the origin which belongs to B
+
 because the fluorescence starting 
at ~442 nm was detected by exciting the peak. This band arises from the excitation of two quanta 
of the 21 (b2) mode. In the spectrum of C
+
 two absorption peaks located 462 and 725 cm
-1
 above 
the origin 414.6 nm are apparent. The first one is hidden under the absorption of l-HC7H
+
. They 
are attributed to 14 and 10 mode excitations by comparison with the 472 and 776 cm
-1
 
calculated ground state vibrational frequencies of C
+
. 
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Figure 3.6: Visible section of the absorption spectrum showing the electronic systems of the B 
(black) and E (pink) isomers of C7H3. The spectrum was measured after a mass– 
selective deposition of C7H3
−
 (m/z = 87) anion.   
As the electronic transitions of B
+
 and C
+ 
are detected, one can expect that B
 
and C
 
should also be present. A good candidate for either of these species is the absorption system 
starting at 482.3 nm (2.57 eV) which gains in intensity upon UV irradiation (Figure 3.6). The 
calculations predict a weak (f = 0.002) 1 
2
B1 ← X 
2
B1 transition for B
 
at 2.46 eV, the 
1 
2
A
''
 ← X 2A'' transition of C at 3.21 eV with oscillator strength 0.03. Due to a better match of 
the calculated excitation energy with the observations, the electronic system commencing at 
482.3 nm is assigned to the 1 
2
B1 ← X 
2
B1 transition of B.  
Isomer E 
The absorption at 530.3 nm shown in Figure 3.6 belongs to isomer E identified in the gas 
phase studies at 528.8 nm and assigned to the origin band of the 1 
2
A
'
 ← X 2A' transition.14 Some 
unassigned bands around 481 and 474 nm were also reported there. The 479.4 nm absorption 
system in the neon matrix behaves in a similar fashion to that of 530.3 nm upon irradiation. The 
calculations predict two transitions 1 
2
A
' ← X 2A' and 2 2A' ← X 2A’ at 2.28 and 2.56 eV,  with
  C7H3: E 
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 oscillator strength 0.010 and 0.002. The computed energies and the intensities agree with the 
onsets at 530.3 nm (2.34 eV) and 479.5 nm (2.58 eV). Three absorption bands located 493, 542 
and 953 cm
-1
 above the origin of the first electronic system are attributed to the excitation of the 
ν14, ν13 and ν9 modes. 
 
 
 
 
 
 
 
 
 
 
 
 
  Methyltriacetylene Cation 
92 
 
 
3.3.2 C7H4
+
: Methyltriacetylene cation  
The absorption spectrum recorded after deposition of C7H4
+
 in a neon matrix containing a small 
admixture of CH3Cl is shown as the blue trace of Figure 3.7. A strong absorption at 602.6 nm 
dominates the spectrum and several weaker features are present and extend up to 400 nm. All the 
bands diminished after irradiation of the matrix with a medium pressure mercury lamp (λ < 
260 nm), suggesting their ionic nature (red trace, Figure 3.7). The stronger absorption at 441 nm 
do not belong to the 603 nm system, because this is still present after UV bleaching whereas the 
strongest 602.6 nm band is barely seen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Electronic absorption spectra recorded after deposition of mass-selected C7H4
+
 (blue 
trace) in a 6 K neon matrix and after 25 min irradiation with  < 260 nm photons 
(red trace). The black trace is the A
2Πg ← X
2Πu absorption spectrum of triacetylene 
cation. The band denoted by * is the absorption of the C7H3
+ 
fragment (B
+
). 
 
The origin at 602.6 nm lies close to the onset of the A 
2Πg ← X 
2Πu electronic transition 
of triacetylene cation HC6H
+
 at 604.6 nm in neon matrix,
27
 shown as the black trace in Figure 
  Methyltriacetylene cation   
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3.7. The spectral patterns of C7H4
+
 and HC6H
+
 are similar. The correspondence of the spectra of 
C7H4
+
 and HC6H
+
 suggests that the 602.6 nm absorption system is of methyl substituted 
triacetylene cation (CH3C6H
+
). The origin band in the absorption of C7H4
+
 is shifted ~ 2.0 nm to 
the blue with respect to HC6H
+
. Effect of methyl substitution has also been studied on some 
related molecules in the gas phase.
28 
 
Table 3.4: Electronic excitation energies Ecal (eV) and oscillator strength (f) of the dipole- 
allowed electronic transitions for methyltriacetylene cation calculated by the CASPT2 method 
and comparison to the experiment Eexp (eV).
31
  
Ground state   Ecal  f  Eexp   Excited states 
 
             X 
2
E (C3V)  2.21   0.065  2.06      1 
2
E 
    3.34  0.025  2.96      2 
2
E 
    3.58  0.000        3 
2
E 
                                                4.30  0.024        5 
2
E 
                                                5.07  0.000        6 
2
E 
 
             Vertical excitation energies of CH3C6H
+ 
were calculated using CASPT2 with Cs 
symmetry. Two electronic transitions are predicted from the X 
2
A' ground-state to the 1 
2
A' and 
2 
2
A' excited states below 4 eV with vertical excitation energies of 2.21 and 3.34 eV, and f  
values 0.065 and 0.025, respectively (Table 3.4). These energies agree with the observed two 
electronic transitions at 602.6 nm (2.06 eV) and 421.1 nm (2.94 eV) indicating CH3C6H
+ 
as the 
carrier of these absorptions. The 
2
A' state correlates with 
2
E in C3v symmetry then the two 
observed band systems (Figure 3.7) are assigned to the A 
2E ← X 2E and B 2E ← X 2E 
electronic transitions. 
The wavelengths of the band maxima and vibrational frequencies derived from the 
absorption spectrum of CH3C6H
+
 are collected in Table 3.5. The first vibrational transition lies 
496 cm
-1
 above the origin,
0
00 , and the next one is its overtone. DFT/B3LYP calculations of the 
harmonic frequencies in the ground-state of CH3C6H
+
 predict the lowest energy ν9 vibration (a1) 
at 539 cm
-1
. The vibrational bands of CH3C6H
+
 lie 1958 and 2100 cm
-1
 above the origin are 
assigned, according to the calculated vibrational frequencies, to ν5 (a1) and ν4 (a1), respectively. 
The ν3 and ν2 vibrations of HC6H
+
 and ν5 and ν4 of CH3C6H
+
 are similar in nature and their 
frequencies are not significantly affected by the methyl substituent.
25
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In the spectrum of HC6H
+
 between 425–525 nm, only two weak features, combinations 
ν2 + ν3 and ν2 + ν3 + ν4 are apparent. In contrast, in the absorption of methyltriacetylene cation 
several bands are in this region The narrow feature marked with asterisk in Figure 3.7 is the 
absorption of B
+
 isomer of C7H3
+
.
 
A moderately intense band is present around 417 nm (black 
trace, Figure 3.7) which is the onset of the next electronic transition B 
2Πg  ← X 
2Πu of 
HC6H
+
.
25
 A corresponding feature is also seen in the absorption of CH3C6H
+ 
at 421.1 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Electronic absorption (blue) and fluorescence (red) spectra of methyltriacetylene 
cation recorded in a 6 K neon matrix. Fluorescence was detected following laser 
excitation of the
0
00  band of the A 
2
E  X 2E and B 2E  X 2E transitions. The 
resulting spectra are shown in upper and lower traces, respectively. Vibrational 
assignment is based on the calculated harmonic frequencies of the totally symmetric 
vibrations.  
 
  Methyltriacetylene cation   
95 
 
 
A pulsed laser was tuned to the 602.6 nm wavelength, the A 
2E ← X 2E absorption origin 
of CH3C6H
+
. The emission in the origin band region was also recorded when the laser matched 
the wavelength of the first vibrational band at 585.1 nm. Fluorescence commences around 600 
nm and extends up to 760 nm. The resulting spectrum is shown in Figure 3.8, together with the 
absorption to emphasize their similar appearance. The wavelengths of the fluorescence maxima 
and wavenumbers of the vibrations derived from the spectrum are given in Table 3.6. The 
assignment is based on the calculated harmonic vibrational frequencies included in the footnote 
of Table 3.5. Apart from these, ν6 and its overtone, and combination with ν9, are active in the 
X 
2
E ground state.  
Weak fluorescence around 600 nm, shown in bottom panel of Figure 3.8, was detected 
when the laser was tuned to the 421.1 nm absorption band. This confirms that the transition also 
originates from methyltriacetylene cation. 
 
Table 3.5: Absorption band maxima ( 0.1nm) in the A 2E  X 2E and B 2E  X 2E electronic 
transitions of methyltriacetylene cation in 6 K neon matrices.
31
 The assignment is based on the 
calculated harmonic frequencies of the totally symmetric vibrations, given in the footnote. 
λ (nm)  ν (cm-1) ∆ν (cm-1)  Assignment  
602.6   16595   0        
0
00   A 
2
E  X 2E 
585.1    17091  496             
1
09  
568.4             17593  998            
  
539.0             18553  1958            
  
534.9               18695  2100              
  
524.2               19077   2482              
   
  
506.5             19743  3148            1 
  
485.6             20593  3998              
   
  
474.8             21061  4467     
   
   
  
453.8             22036  5441   1 
   
   
  
421.1             23748  0     
     B 
2
E  X 2E 
Totally-symmetric a1 vibrations of CH3C6H
+
 (C3v) calculated with DFT using the B3LYP functional and 
the cc-pVDZ basis set. ν1 − ν9: 3274, 2883, 2192, 2153, 2007, 1349, 1294, 938, 517 cm
-1
.  
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Table 3.6: Fluorescence band maxima ( 0.1nm) of methyltriacetylene cation in 6 K neon 
matrices and assignment based on the calculated vibrational frequencies.
31
 
λ (nm)  ν (cm-1) ∆ν (cm-1)  Assignment 
602.9  16586   0              
0
00   A 
2E → X 2E 
622.3  16069     517     
  
643.2  15547    1039     
  
657.0  15221       1365     
  
679.3   14721   1865     
   
  
683.0   14641   1945     
 
 
688.0   14535           2051     
  
694.9    14391         2195     
  
708.6    14112          2473     
   
  
720.8     13873    2713     
  
735.2     13601        2984     
   
  
748.6    13358   3228   1 
  
766.8     13041       3545     
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3.3.3 C7H5: Fulvenallenyl Radical  
Transient radicals are generated in the matrix in two steps: 1) mass-selected anions or 
cations are co-deposited with neon at 6 K, 2) trapped ions are irradiated by UV photons to 
produce the radicals via photodetachment of electrons from anions or recombination of electrons 
with the cations. To choose the right experimental approach and conditions for the production of 
Fulvenallenyl Radical FA, potential energy surfaces (PES) of neutrals, anions and cations of 
C7H5 have been calculated with the DFT method using the M06-2X functional and the cc-pVTZ 
basis set; aug-cc-pVDZ has been used for the anions. The justification of ground-state 
optimization is to infer the relative stability of cation FA
+
 and anion FA
¯
 with respect to other 
isomers (Chart 3.3). It was found that FA and FA
¯
 are the global minimum on the PES among 
twenty two plausible structures (Chart 3.4). FA
¯ 
is more stable by 157 kJ mol
-1
 relative to next 
isomer B1
¯
, which suggests that the C7H5
¯
 ion beam produced from a discharge source 
predominantly contains FA
¯
 and therefore the best approach for FA generation in a neon matrix 
would be the deposition of C7H5
¯
 followed by UV irradiation. Structural change of species 
trapped in neon matrices during the photodetatchment of electrons is unlikely because neon 
micro-crystals rigidly hold the guest molecules (see Chapter 2).  
Chart 3.3: Structures and relative ground state energies in kJ mol
-1
 of the five most stable 
isomers of C7H5; the energies of anions are given in red; neutrals in blue and cations in black.  
 
 
 
 
 
 
 
 
 
C7H5
¯
 was produced from toluene in a hot cathode discharge source. The m/z=89 anions 
after mass-selection were deposited with excess of neon onto a substrate held at 6 K. The 
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A
 1Πu ← X 
1Ʃg
+
 electronic transition
29
 of C3 at 405.0 nm and B 
2Ʃu
+
 ← X 2Ʃg
+
 of N2
+
 at 398 nm 
were only detected after deposition of C7H5
¯
 (black trace, Figure 3.9). C3 is the collisionally-
induced fragment of C7H5
¯
 due to high kinetic energy deposition. N2
+
 is formed by collisionally-
induced ionization of N2 impurity in the matrix and acts as a counter ion balancing the negative 
charge. 
An absorption system starting at 401.3 nm appeared after irradiating the matrix by  < 
260 nm photons (Figure 3.9, red trace). It comprises absorption bands at 401.3, 395.5, 371.7 and 
346.3 nm (Table 3.7). The bands of C3 remained intact while those of N2
+
 vanished because of 
recombination with free electrons detached from the anions. The same rate of intensity increment 
for these four bands upon UV exposure and their similar relative peak intensities from different 
precursors indicate that they are of one neutral absorber. It means that the 401 nm electronic 
absorption system originates from neutral C7H5 produced in situ in solid neon by detachment of 
electron from trapped C7H5
¯
. The fulvenallenyl radical FA should be the carrier according to the 
calculated ground-state stability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Absorption spectrum recorded after deposition of C7H5
¯ 
in solid neon (black trace) 
and after irradiation with 250 < < 310 nm photons (red trace). Bands appeared 
(blue arrows) after photodetachment of electrons from C7H5
¯ 
are the absorptions of 
fulvenallenyl radical. The origin of 1 
2
B1 ← X 
2
B1  transition lies at 401.3 nm. 
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Table 3.7: Band maxima (±0.1nm) of the 1 
2
B1 ← X 
2
B1 absorption system of the fulvenallenyl 
radical in a 6 K neon matrix.
32
 The assignment is based on the ground state vibrational 
frequencies of the normal modes calculated at the DFT/M06-2X/cc-pVTZ level and given in the 
footnote. 
λ (nm)  ν (cm-1)   ∆ν (cm-1)  Assignment 
401.3  24919     0                
        1 
2
B1 ← X 
2
B1 
395.5  25284             365        ν19 
371.7  26903             1984    ν4 
346.3  28877             3958    2ν4 
a1; ν1 – ν11 : 3467, 3271, 3250, 2138, 1531, 1421, 1309, 1087, 1008, 922, 561; a2; ν12 – ν14: 955, 747, 534; 
b1; ν15 – ν20 : 933, 780, 681, 652, 409, 148 
 For the structural assignment excitation energies (and oscillator strengths) of the 
five most stables isomers of C7H5 and their anions were calculated with the MS(5)-CASPT2 
method. The results are presented in Table 3.8. Three structures: FA, B1 and C1 possess 
moderately intense transitions at 3.21, 3.11 and 3.45 eV, respectively, close to the origin at 401.3 
nm (3.09 eV). The isomers E1 and D1 can be excluded from further consideration because the 
predicted excitation energies are in disagreement with the 401 nm absorption (Table 3.8). The 
matrix was irradiated with varied photon wavelengths and revealed that the electron detachment 
threshold for the absorber of the 401 nm system is around 310 nm. According to the MS-
CASPT2 calculations FA
¯
 and B1
¯
 possess transitions at 4.39 eV (282 nm) and 4.14 eV (299 
nm), respectively, which are larger than the electron detachment energy.  
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Table 3.8: Excitation energies in eV and oscillator strengths (italics) of anions, neutrals and 
cations of C7H5 given in Chart 3.3 calculated with the MS(5)-CASPT2 method using coordinates 
from the DFT/M06-2X calculations.
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FA¯
 
FA FA
+
 
X 
1
A1  0.00    
1 
1
A1   4.39   0.180    
2 
1
A1   4.77   0.182    
3 
1
A1   5.79   0.010     
1 
1
B2   4.69   0.120    
1 
1
B2   4.98   0.040  
X 
2
B1  0.00    
1 
2
B1   3.21   0.033  
2 
2
B1   4.66   0.005  
3 
2
B1   5.41   0.150    
2 
2
A2   5.60   0.002  
 
X 
1
A1  0.00    
1 
1
A1   2.96   0.001  
2 
1
A1   4.10   0.480   
3 
1
A1   5.39   0.007  
1 
1
B2   0.97   0.004  
 
B1¯ B1 B1
+
 
X 
1
A1  0.00    
1 
1
A1   4.14   0.370    
2 
1
A1   4.73   0.130    
3 
1
A1   5.59   0.011  
1 
1
B2   4.88   0.097  
2 
1
B2   5.27   0.054  
3 
1
B2   5.60   0.010  
X 
2
B1  0.00    
1 
2
B1   3.11   0.027  
2 
2
B1   5.20   0.025  
2 
2
A1   5.64   0.001  
1 
2
A2   1.62   0.000  
2 
2
A2   4.94   0.020  
3 
2
A2   5.87   0.003  
X 
1
A1   0.00 
1 
1
A1   4.20   0.130    
2 
1
A1   4.46   0.018  
3 
1
A1   4.89   0.054  
1 
1
B1   0.95   0.001  
3 
1
B1   4.93   0.004  
2 
1
B2   5.12   0.001  
C1¯
 
C1 C1
+
 
X 
1A′  0.00  
1 
1A′   1.67   0.001  
3 
1A′   2.33   0.009  
4 
1Aˈ   4.77   0.013  
5 
1A′   5.42   0.001  
  
X 
2
B1  0.00    
1 
2
B1   3.45   0.018  
2 
2
B1   4.64   0.032  
3 
2
B1   4.83   0.005  
1 
2
A1   4.50   0.000  
1 
2
A2   2.16   0.004  
2 
2
A2   3.37   0.020  
3 
2
A2   5.69   0.000 
X 
1
A1  0.00    
1 
1
A1   5.44   0.006  
1 
1
B1   4.79   0.001 
1 
1
B2   4.51   0.063  
 
D1¯ D1 D1
+
 
X 
1A′  0.00  
1 
1A′   2.03   0.003  
2 
1A′   2.20   0.007 
3 
1A′   2.79   0.002  
4 
1A′   3.32   0.013  
5 
1A′   3.78   0.006  
 
X 
2
B1   0.00    
1 
2
B1   3.60   0.000 
2 
2
B1   4.17   0.002  
3 
2
B1   4.52   0.033  
1 
2
A1   4.71   0.001  
2 
2
A2   2.38   0.000  
3 
2
A2   5.47   0.003  
4 
2
A2   5.65   0.001 
X 
1
A1  0.00    
1 
1
A1   4.02   0.000  
2 
1
A1   5.90   0.390    
1 
1
B1   4.67   0.002  
1 
1
B2   2.90   0.003  
2 
1
B2   5.66   0.110 
E1¯ E1 E1
+
 
X 
1
A1  0.00  
1 
1
A1   2.50   0.005 
2 
1
A1   3.18   0.025  
3 
1
A1   4.01   0.001  
1 
1
B1   5.21   0.028  
1 
1
B2   1.19   0.028  
4 
1
B2   5.42   0.120 
X 
2
B1  0.00    
1 
2
B1   4.02   0.013  
2 
2
B1   5.04   0.010  
1 
2
A1   4.60   0.001 
1 
2
A2   1.08   0.001  
2 
2
A2   4.43   0.031  
1 
2
A2   5.26   0.000 
 
X 
1
A1  0.00    
1 
1
A1   4.82   0.037  
1 
1
B1   3.80   0.001 
1 
1
B2   4.80   0.022  
2 
1
B2   5.86   0.280  
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Figure 3.10: Absorption spectrum recorded after deposition of C7H5
+
 produced from 
1,1-dichlorotoluene in a hot cathode source (black trace) and after irradiation by λ < 
260 nm photons (red trace). The green trace was measured after deposition of C7H5
+
 
produced from ethynylferrocene EF in pure neon followed by the neutralization. 
The absorptions belonging to the 1 
2
B1 ← X 
2
B1 transition of fulvenallenyl radical 
are denoted by blue arrows. The bands due to N2
+
 are marked by asterisks. 
 
Unlike FA and FA
¯
, the cation FA
+ 
is the fifth stable isomer on the PES of C7H5
+
 lying 
151 kJ/mol above the global minimum C1
+
. Vertical excitation energies of the five cations FA
+
, 
B1
+
, C1
+
, D1
+ 
and
 
E1
+
 were calculated with the CASPT2 method (Table 3.8). This predicts that 
detectable electronic transitions of C1
+
, D1
+ 
and
 
E1
+
 lie in UV, beyond the range of detection 
(270-1100 nm). The transitions of FA
+
 and B1
+
 lie at the edge of the experimental measurement 
range. Structure B1
+
 is ~300 kJ/mol above C1
+
 and excluded from consideration. Therefore, to 
investigate whether the fulvenallenyl radical can be generated in the matrix via deposition of 
C7H5
+
, mass-selected deposition was carried out from several precursors (Chart 3.1) with neon 
contaminated by CH3Cl in a ratio 1 : 30000. The spectrum recorded after deposition of the 
m/z=89 cations from 1,1 dichlorotoluene is shown in Figure 3.10, black trace, and after 
irradiation of matrix with UV photons (λ < 260 nm) in the red trace. The 401 nm absorption 
system is dominant. The absorptions of neutral C7H5 gain in intensity after UV irradiation. The 
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401 nm system is also detected following deposition of C7H5
+
 generated from toluene, indene, 
mixtures of diacetylene and propyne, and phthalide.  
According to the calculations FA
+
 has a strong (f = 0.48) 2 
1
A1 ← X 
1
A1 electronic 
transition around 4.10 eV (302 nm). However no absorption was detected in this region. One can 
argue that the carrier of the 401 nm system is C1 as it also possesses the 1 
2
B1 ← X 
2
B1 
transition at 3.45 eV and C1
+
 has absorption beyond the detection range. Consequently, 
ethynylferrocene EF (Chart 3.1) was used for the generation of C7H5
+
 and the m/z=89 ions were 
deposited with neon without electron scavenger. In a pure neon matrix, concentration of neutrals 
dominates. Due to the absence of scavenger, electrons released from the nearby metal surface of 
the matrix by impingement of cations, neutralize trapped cations. EF comprises one molecular 
sub-unit, that of FA. C7H5
+ 
was produced from the EF precursor in a mild discharge to avoid 
plasma chemistry. The spectrum obtained is shown as the green trace in Figure 3.10. The one-to-
one correspondence of the peaks with those assigned to fullvenallenyl radical confirms the 
carrier.   
Two vibrational modes of 365 and 1984 cm
-1
 frequency and an overtone 3958 cm
-1
 above 
the 401.3 nm origin are observed in the spectrum of FA. The 1984 cm
-1
 value is typical for a 
C≡C stretching vibration and confirms the assignment of the 401 nm system to FA because the 
C≡C bond is only present in this radical among most stable structures of C7H5 shown in Chart 
3.3. Absorption system is the 1 
2
B1 ← X 
2
B1 electronic transition of FA according to 
MS(5)
_
CASPT2 calculations. The vibrational modes are assigned on the basis of calculated 
(DFT/M06-2X/cc-pVTZ) harmonic frequencies in the 1 
2
B1 state (Table 3.7).  
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Chart 3.4: The structures and the ground state energies of anions (bold), neutrals and cations 
(italics) of C7H5 above the most stable structure calculated at the DFT/M06-2X level using the 
aug-cc-pVDZ basis set for anions and cc-pVTZ for the neutrals and cations.  
 
 
  
0.00  0.00  151.2   157.4  139.7  298.1 200.5  139.6  255.7   175.2  33.6  0.00 
  
  
244,7  93.4  84.2  214.3  143.9  303.3   198.8  133.6  221.6   199.5  133.3  221.4 
 
  
 
192.8  121.9  208.4 234.5  232.4  148.3 296.1  183.1  228.9 200.6  133.8  216.1 
 
 
  
 
209.2  136.3  222.7 183.2  114.4  202.2   156.7  228.9 264.8  151.7  207.0 
 
 
 
 
 
400.3  256.5 273.9 256.3  172.9  252.3 286.2  200.6  313.4 191.3  80.8  83.0 
A 
FA B1 SB1 C1 
E1 F1 
G1 H1 
I1 J1 K1 L1 
M1 N1 P1 Q1 
R1 S1 T1 D1 
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420.1  264.9 256.1 290.5  195.7  273.4  
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3.4 CONCLUDING REMARKS 
The open chain isomers B
+ 
and C
+
,
 
and A
+ 
with a three membered carbon ring are identified 
in the neon matrix after mass-selected deposition of C7H3
+
. Cation B
+ 
exhibits vibrationally 
structured fluorescence following excitation into the absorption bands of the 1 
1
A1 ← X 
1
A1 
system. No fluorescence was detected for the isomers A
+ 
and C
+
. Weak absorptions of neutral 
C7H3 isomers are also present which gain in intensity upon photobleaching of the cations. 
Intensity increment for the absorptions of the neutrals and l-HC7H
+
 is observed after deposition 
of C7H3
+
 at ~90 eV, a higher kinetic energy. This indicates that fragmentation of C7H3
+ 
with 
~90 eV deposition energy is mild and only one hydrogen atom is removed. Enhancement of the 
absorptions of E in higher kinetic energy experiments suggest that besides the fragmentation, 
rearrangement of hydrogen atoms takes place upon collisional impact of C7H3
+
 with the neon 
surface. E is a secondary product as the E
+
 lies 450 kJ/mol above of the lowest energy isomer 
A
+
, and is unlikely to be formed in the source.  
Unsaturated longer chain hydrocarbons have always been of interest in astronomy because of 
their intense absorption in visible domain. They can be carriers of DIBs. The detection of 
methyltriacetylene towards dense cloud has appealed for the existence of its ions in ISM. 
Electronic characterization of fulvenallenyl radical FA was a long-standing goal in combustion 
chemistry because such  highly stable radicals could serve a vital role in the formation of PAHs. 
FA can also be expected in carbon-rich extraterrestrial clouds. Therefore, present studies on 
methyltriacetyene cation and FA radical in neon matrix are a starting point of their astrophysical 
findings.  
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ELECTRONIC CHARACTERIZATION OF 
OXYGEN CONTAINING HYDROCARBON 
CATIONS: ION-MOLECULE REACTION 
PRODUCT 
Three absorption systems with origin at 354, 497 and 528 nm are detected after mass-selected 
deposition of H2C6O
+
 (m/z=90) in a 6 K neon matrix. The ions have been formed by the reaction 
of C2O with HC4H
+
 in
 
a 1 : 1 mixture of C3O2 and diacetylene in a hot cathode source, or by 
dissociative ionization of tetrabromocyclohexadienone. The absorption systems at 497 and 
354 nm are assigned to the 1 
2
A'' ← X 2A'' and 2 2A'' ← X 2A'' electronic transition of isomer B+, 
(2-ethynylcycloallyl)methanone cation and the 528 nm one to the 1 
2
A2 ← X 
2
B1 of F
+
, 2-
ethynylbut-3-yn-1-enone-1-ylide, on the basis of calculated excitation energies with CASPT2. 
 Vibrationally resolved electronic absorption spectrum of 2,4,6-heptatriynal cation (l-
HC7O
+
) has been recorded in a 6 K neon matrix after mass-selected deposition of m/z=101 
species produced from the 1,2,3,4,5-benzenepentacarboxylic acid in the ion source. The band 
system originated at 278 nm is assigned to the 2 
1Σ+ ← X 1Σ+ transition of l-HC7O
+
 on the basis 
of theoretical calculations. Vibrational analysis supports the structural assignment.  
 An electronic system originating at 417.0 nm has been recorded after mass-selected 
deposition of m/z=80 (C4O2
+
) cation produced from C3O2 in electrical discharge. On the basis of 
ground-state stability and excitation energy calculation, the 417 nm absorption system is 
attributed to the 1 
2u ← X 
2g electronic transition of 1,2,3-butatriene-1,4-dione-2-ylium (l-
OC4O
+
). 
 
 
 
 
 
 
4 
  Chapter 4: H2C6O+, HC7O+ and C4O2+    
110 
 
4.1 INTRODUCTION 
Carbon and oxygen are the most common elements in the interstellar medium (ISM) after 
hydrogen and helium. Therefore, it is pertinent that CO is the most abundant heteroatomic 
molecule in space with a cosmic abundance 10
-4
 relative to H2. Approximately one third of the 
complex molecules (atomicity n ≥ 6) detected in the ISM are comprised of carbon, oxygen and 
hydrogen, which exemplifies the richness of their chemistry in space. Smaller carbon oxides 
CO
+
, C2O, C3O, HCO
+
, HC2O, have also been identified in galactic environments like protostars, 
planetary nebulae and dark clouds.
1-5
  
C2nH
− 
(n=2-4) have been identified in space by radio-astronomy.
6-8
 It is found that these 
unsaturated hydrocarbon anions have higher abundance in dense clouds. To explain this 
observation, kinetic models have been developed. Gas-grain model indicates that due to the 
depletion of oxygen atoms onto dust in denser medium, C2nH
−
 species dominantly form.
9
 This 
model also studied the reactions of these anions in an oxygen dominated environment to 
determine the probable cosmic abundance of polycarbon chain oxides, C6O, C7O, HC6O and 
HC7O. Denser clouds have a lower H-abundance compared to hot corino or young stellar objects 
which should favor the formation of oxygen containing unsaturated hydrocarbons or pure carbon 
chain oxides.  
The ways to produce oxygen containing species in the interstellar medium (ISM) could 
be either radiative association of atomic oxygen with hydrocarbons or ion molecule reaction.
10
 
An example of this is the cyclopropenone c-H2C3O which has been detected in Sagittarius 
B2(N),
11 
a region where cyclopropenylidene c-C3H2 was identified previously. In this context, 
reactions of some astrochemically relevant ions  such as C4H
+
, C4H2
+
, C4H3
+
, C5H
+
, C6H
+
 with 
CO and O2 were studied by the selected-ion flow tube technique. All of these species reacted 
with CO produced mono-oxygenated hydrocarbon cations.
12
 
To date, a number of carbon chain monoxides have been characterized in the laboratory 
via infrared (C2O, C3O, C4O, C13O),
13-18
 ESR (C2O, C4O, C6O),
19,20
 and electronic (C2O
0/−
, C4O
−
, 
C7O
+/0
) spectroscopy.
21-24
 Microwave spectra of HCO
+
 and HCnO (n=5-7) are only reported.
25,26
 
In Chapter 4, electronic absorptions of H2C6O
+
, HC7O
+
 and C4O2
+
 species in a 6 K neon matrix 
are reported. The structural assignments have been made on the basis of calculated excitation 
energies with CASPT2 method.                                          
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4.2. PRODUCTION OF OXYGEN BEARING CATIONS 
4.2.1 H2C6O
+
 and C4O2
+
 
 
  
 
 
 
 
 
 
 
 
 
Figure 4.1: Mass spectra of C3O2 (red), HC4H (black) and 1:1 mixture of C3O2 and HC4H 
(green). The H2C6O
+
 (m/z = 90) peak appeared upon mixing C3O2 and HC4H. 
 
A 1:1 mixture of carbon suboxide C3O2 and diacetylene HC4H diluted with helium was used to 
produce H2C6O
+
 in a hot cathode discharge source. Pure C3O2 or HC4H does not yield the 
m/z=90 peak in the mass spectrum but it appears in their mixture (Figure 4.1, green trace). The 
C2O
+
 and CO
+
 fragment ions are present in the mass spectrum of C3O2 (red trace) and in the 
mixture with HC4H. H2C6O
+
 can be formed in the source by insertion of the C2O
+
 fragment into 
HC4H, or C2O into HC4H
+
. As HC6H
+
 is present in the mass spectrum of diacetylene, as well as 
in the mixture with carbon suboxide, formation of H2C6O
+
 could also proceed via reaction of 
CO/CO
+
 with HC6H
+
/HC6H. However, the latter pathway is excluded because the m/z=90 cation 
was not observed with a CO/HC4H mixture under similar condition whereas the mass peak of 
HC6H
+
 was intense. It was found that the intensity of the mass peaks of C2O
+ 
and H2C6O
+
 ions 
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are correlated, suggesting that the formation of H2C6O
+
 depends on the production of C2O
+
. 
H2C6O
+ 
was also produced from a vapor of 2, 4, 4, 6-tetrabromo-2,5-cyclohexadienone (TBrC).  
The production C4O2
+
 (m/z=80) is apparent in the mass spectrum of pure C3O2 (Figure 4.1, red 
trace). It is possibly formed in the source via the ion-molecule reaction between C2O
+
 and C2O. 
Pressure of precursor gas mixture in the source was kept quite high (9x10
-5
 mbar) for the 
efficient generation of C4O2
+
. 
4.2.2 HC7O
+ 
The precursor, 1,2,3,4,5-benzenepentacarboxylic acid, is solid at room temperature, therefore it was 
resistively-heated in an oven to vaporize and carried to the source by Helium. HC7O
+ 
has been 
generated in source via dissociative ionization of the precursor molecule. 
 
4.3 RESULTS AND DISCUSSIONS 
4.3.1 H2C6O
+
 
Moderately intense absorptions are detected in the 320─530 nm region (Figure 4.2, upper 
traces) after trapping of mass-selected H2C6O
+
 in solid neon. Two types of bands, which differ in 
width, are apparent in the spectrum. The narrower features start around 528, 362 and 329 nm and 
broader ones at ~ 497 and ~ 354 nm. The 362 and 329 nm absorptions are 22g ←X 
2u and 
32g ←X 
2u transitions of l-HC5H
+
.
27
 These have been measured in an earlier study and are 
shown in the red trace of Figure 4.3 with the absorptions detected after deposition of H2C6O
+
 in 
black. The traces are scaled to the intensity of the 362 nm band. The HC5H
+
 cation is produced in 
the matrix as a result of collisionally-induced fragmentation of H2C6O
+
 during deposition. 
The matrix was exposed for 20 min to UV light (λ < 260 nm) resulting in the detachment of 
electrons from Cl¯ and neutralization of trapped cations. The spectrum obtained is shown as the 
lower traces Figure 4.2. The absorptions starting at 528, 497 and 354 nm almost disappeared 
whereas the ones of HC5H
+
 slightly reduced.  The HC5H
+
 bands behave in a regular way upon 
UV irradiation – the intensity noticeably decreases after irradiation. In this present
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experiment, very little decrement of the HC5H
+
 bands after UV exposure indicates that 
photofragmentation of H2C6O
+
 is contributing to these 362 and 329 nm absorptions. No new 
peaks appeared after UV irradiation. H2C6O
+
 ions were also deposited in a pure neon matrix but 
only a weak absorption at 528 nm was detected. In the absence of scavenger CH3Cl, free 
electrons in the matrix neutralized most of the deposited H2C6O
+
 ions. However, the behavior of 
the absorption features in Figure 4.2 under exposure to UV light indicates that they belong to 
photo-unstable isomer/s of H2C6O
+
. 
 
 
 
 
 
Figure 4.2.: Electronic absorption spectra recorded after deposition of H2C6O
+
 produced from a 
1:1 mixture of C3O2 and diacetylene (upper traces) and after 20 minute irradiation 
with λ < 260 nm photons (lower traces). Bands denoted by * belong to C2
+
.  
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Figure 4.3: Electronic absorption spectra recorded after deposition of H2C6O
+
 generated from a 
1:1 mixture of C3O2 and diacetylene (black), and after deposition of HC5H
+
 
produced from diacetylene (red, in another experiment). The spectrum of HC5H
+
 is 
normalized to the intensity of the 362 nm band. 
 
 H2C6O
+
 was also produced from precursor TBrC and deposited in neon. The spectrum 
obtained shows two broader features starting at 497 and 354 nm and a weak absorption at 528 
nm (Figure 4.4, red trace). The signal-to-noise ratio is relatively low compared to the Figure 4.2 
because the accumulated charge in this experiment was not very high. However, after irradiation 
(260-390 nm) the 497 and 354 nm absorptions diminish substantially implying that they belong 
to the same H2C6O
+ 
isomer. The decay of the absorptions under such irradiation conditions is due 
to photo–instability of the cation, as neutralization is not efficient at these wavelengths.  
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Figure 4.4:  Electronic absorption spectrum of H2C6O
+
 obtained after deposition of m/z = 90 ions 
produced from 2, 4, 4, 6-tetrabromo-2,5-cyclohexadienone (TBrC) – red, and after 
20 minute irradiation with 250 - 390 nm photons – black.  
 
Use of different precursors for the production of H2C6O
+
 established that two isomers contribute 
to the spectra (Figures 2 – 4). One has a weak transition in the visible (2.49 eV; 497 nm) and a 
much stronger in the UV (3.51 eV; 354 nm). The second cation is characterized by the strong 
transition in the visible (2.35 eV; 528 nm) with resolved vibrational structure. 
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Chart 4.1: Structures and relative ground state energies (kJ mol
-1
) of H2C6O
 
cations (bold) and 
neutrals (italic), calculated with the DFT method and cc-pVTZ basis set. Bond lengths (Å) 
correspond to the optimized cation geometries. 
 
 
 
 
 
 
 
 
Vertical excitation energies of nine most stable H2C6O
+ 
isomers (Chart 4.1) were calculated 
with MS-CASPT2 to assign the observed absorptions to specific molecules. The results for the 
candidates are collected in Table 4.1. Among these only structures B
+
 and D
+
 can be responsible 
for the two absorptions at 497 and 354 nm. The calculations predict a moderately intense 
transition with energy 2.68 (f =0.024) and 2.60 eV (f=0.040) and about a ten times stronger 
transition at 3.68 and 3.67 eV for B
+
 and D
+
, respectively. The oscillator strengths are in accord 
with the intensities of the 497 and 354 nm systems. The vertical excitation energies overestimate 
the onsets of the observed systems by ~ 0.2 eV; calculated adiabatic values should match better 
with the experimental ones. As D
+
 lies only slightly higher in energy than B
+
, it cannot be ruled 
out from consideration as the carrier.  
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In contrast to isomers B
+
 and D
+
, the carrier of the 528 nm system should possess only a single 
strong transition around 2.35 eV. Apart from isomers B
+
 and D
+
 four others: C
+
, E
+
, F
+
 and G
+
 
have transitions in this region. The first electronic system of E
+
 at 2.45 eV is weak (f = 0.006) 
and two stronger ones (f = 0.02 and 0.065) are predicted in the 3.1-3.3 eV range, in contrast to 
the observation. The first electronic transition of G
+
 is calculated at 2.26 eV with f = 0.085 and 
the next one at 3.22 eV (f = 0.045). G
+
 cannot be the carrier because its UV transition is not seen. 
Isomer C
+
 is also eliminated from consideration: although the 1 
2
A'' ← X 2A'' electronic 
transition at 2.51 eV is very strong (f = 0.2) but an equally intense band at 3.92 eV is predicted, 
contrary to the experiment. 
Table 4.1: Excitation energies Ecal (eV) and oscillator strengths (f) of H2C6O
+
 isomers calculated 
by the MS-CASPT2 method and comparison with the observations (Eobs).
33
 
Species  Transitions  Ecal  f  Eobs 
 
A
+ 
(C2V)   1 
2
B1 ← X 
2
B1  3.70  0.02   
 3 
2
B1 ←  4.81  0.00 
 4 
2
B1 ←  5.27  0.02 
 5 
2
B1 ←  5.77  0.01 
 
B
+ 
(CS)              1 
2
A
'' ← X 2A''  2.68  0.02  2.49 
 2 
2
A
''
 ←  3.68  0.20  3.51 
 3 
2
A
''
 ←  5.32  0.10   
 4 
2
A
''
 ←  5.73  0.06 
 
C
+
 (CS)         1 
2
A
''
 ← X 2A''  2.51             0.19          
     2 
2
A
''
 ←              3.92             0.17       
       3 
2
A
''
 ←             4.08             0.03 
      4 
2
A
''
 ←              4.47             0.15    
D
+
 (CS)          1 
2
A
''
 ← X 2A''  2.60           0.04   
                 2 
2
A
''
 ←  3.67            0.49                  
                 3 
2
A
''
 ←             4.16           0.01  
                 4 
2
A
''
 ←            4.44            0.00  
                5 
2
A
'' ←            4.70            0.02  
E
+ 
(C2V)  1 
2
B1 ← X 
2
B2  2.45  0.01    
           2 
2
B1 ←  3.08  0.02 
   3 
2
B1 ←  3.32  0.07 
   4 
2
B1 ←  4.36  0.02 
   5 
2
B1 ←  5.36  0.00 
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F
+ 
(C2V)   1 
2
A2 ← X 
2
B1 2.38  0.11  2.35 
 2 
2
A2 ←  5.58  0.05 
 1 
2
B1 ←  4.26  0.00 
 2 
2
B1 ←  5.30  0.27 
 2 
2
B1 ←  5.90  0.01 
 
G
+ 
(CS)              1 
2
A
''
 ← X 2A''  2.26  0.09   
 2 
2
A
''
 ←  3.22  0.05  
 3 
2
A
''
 ←  3.74  0.00 
 4 
2
A
''
 ←  4.64  0.03  
 
H
+ 
(CS)              2 
2
A
'' ← X 2A''  3.15  0.00   
 3 
2
A
''
 ←  3.39  0.02    
  4 
2
A
''←  3.88  0.03 
 5 
2
A
'' ←            4.35  0.00  
                         
I
+ 
(C2V)   1 
2
B1 ← X 
2
B1  3.46  0.01   
 2 
2
B1 ←  3.92  0.46 
                                    3 
2
B1  ←  4.26  0.02 
 
 
Isomer F
+
 fulfils the criteria for being the carrier of 528 nm system. A strong transition at 
2.38 eV (f=0.11) close to the observation (2.35 eV) and a weak UV absorption (5.58 eV) beyond 
the experimental detection range were predicted by theory. Moreover, F
+ 
during depositing with 
~50 eV kinetic energy on solid neon can fragment to produce l-HC5H
+
 and CO which was 
previously inferred from spectral behaviors.  Therefore the 528 nm system is assigned to the 
1 
2
A2 ← X 
2
B1 transition of F
+
. A well resolved vibrational structure is apparent in the spectrum 
and results from the excitation of the ν7, ν6 and ν3 vibrational modes and their combinations. The 
assignment is based on the harmonic frequencies calculated for the ground state of F
+
 with the 
DFT method using the B3LYP /cc-pVTZ level of theory (Table 5.2). 
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Table 4.2: Absorption band maxima ( 0.1nm) of electronic transitions of H2C6O
+
 isomers B
+
 
and F
+ 
 in 6 K neon matrices and assignment based on MS-CASPT2 calculations.
33
 The 
vibrational interpretation of the F
+ 
spectrum is based on the calculated ground–state harmonic 
frequencies (footnote). 
 
Species λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 
F
+  
           527.6  18954       0        
0
00          1 
2
A2 ← X 
2
B1
 
512.8  19501      547        ν7 
493.1  20280      1326       2ν6 
476.9  20969      2015       ν3 
465.0  21505      2551                  ν3 + ν7 
 
 B
+
                   497.3               20109      0  
0
00          1 
2
A'' X 2A''  
353.6  28281             0                 
0
00          2 
2
A''  X 2A'' 
Totally-symmetric vibrations (a1) of F
+
 calculated with DFT/B3LYP/cc-pVTZ: ν1 to ν7; 3412, 2276, 
2169, 1198, 754, 669, 543, 121 cm
-1
. 
The reactants which lead to the formation of H2C6O
+
 are C2O and HC4H
+
, and/or C2O
+
 with 
HC4H, as both cations were observed in the mass spectrum of the precursor (Figure 4.1). The 
ionization potential (IP) of diacetylene is 10.17 eV,
28
 but the experimental value for C2O is 
unknown. Therefore the IPs of HC4H and C2O were calculated using the CCSD(T) method for 
the geometry optimized at the CCSD level leading to 10.08 eV for HC4H and 10.81 eV for C2O. 
Hence, the most probable way of H2C6O
+ 
production is the reaction of C2O with HC4H
+
. The 
reactions of C2O
+
 with diacetylene, as well as C2O with HC4H
+
, are exothermic. The calculated 
enthalpy of the reaction between C2O with HC4H
+
 is 539 kJ/mol at the MP2/cc-pVTZ level of 
theory. C2O in the 
3Σ‾ ground state is a reactive biradical with two electrons on the terminal -
carbon atom. C2O attacks the electrophilic center of HC4H
+
 which is located on the middle 
carbon atoms. 
In the case of the reaction C2O
+
 with HC4H, a charge-exchange is likely the first step. C2O
+
 in 
the 
2Π ground state possesses an unpaired electron on the terminal carbon atom and reacts as a 
radical.  The preferred site of reaction of C2O
+
 with diacetylene is on the electronegative carbon 
atom adjacent to the terminal hydrogens.  
On the basis of the calculated vertical excitation energies and the oscillator strengths 
(Table 4.1) as well as the ground state stabilities (Chart 4.1) of B
+
 and D
+
, one cannot firmly 
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deduce the carrier for the 497 and 354 nm absorptions. However, the structure of B
+
 produced 
via dissociative ionization of TBrC is analogous to that of the C6H4
+
 isomer: three carbon– 
member ring with aliphatic chain (T
+
) generated from 1,2-dibromobenzene under similar 
discharge condition.
29
 MS-CASPT2 calculation predicts strong electronic transition (f=0.2) at 
4.45 eV (280 nm) for neutral D which was not observed (See Table 4.3). Thus, the 497 and 
354 nm systems are assigned to the 1 
2
A'' ← X 2A'' and 2 2A'' ← X 2A'' electronic transitions of 
B
+
.  
As the neutral counterparts of H2C6O
+
 were not observed after photobleaching or in pure 
neon, then, either they do not have any electronic transitions in the 250-1100 nm detection range 
or are extremely weak. The excitation energies of the neutral counterparts of the observed 
cations calculated with MS-CASPT2 explain why neutral absorptions systems were not seen. 
The results are collected in Table 4.3. They all possess strongest transitions in the UV, beyond 
the experimental detection range. 
Table 4.3. Electronic excitation energies Ecal (eV) and oscillator strengths (f) of some selected 
H2C6O neutral isomers calculated by the MS-CASPT2 method.
33
  
Species  Transitions  Ecal  f   
F
 
(C2V)              1 
1
A1 ← X 
1
A1 5.67  0.17   
 2 
1
A1 ←  6.61  0.36  
 1 
1
B2 ←  7.13  0.16             
B
 
(C1)               1 
1
A ← X 1A  2.59  0.00  
 2 
1
A ←  3.43  0.04   
 3 
1
A ←    5.21  0.00    
  4 
1
A ←    5.47  0.00  
 5 
1
A ←    6.27  0.03  
  
D
 
(CS)               1 
1
A
' ← X 1A'   
 
4.45  0.20   
 2 
1
A
' ←  5.32  0.01  
     3 
1
A
'
 ←  5.48  0.04 
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4.3.2 HC7O
+
 : 2 
1
Σ
+
 ← X 
1
Σ
+ 
TRANSITION 
Spectral measurements carried out after the mass-selected deposition of HC7O
+
 cation produced 
from 1,2,3,4,5-benzenepentacarboxylic acid reveal moderately intense absorptions in UV (black 
trace, Figure 4.5). The descending peak intensities towards the blue with a regular spacing 
indicates that these belong to one electronic system originating at 278.0 nm. To identify whether 
the absorber is cationic or neutral, the matrix was irradiated by < 260 nm photons for 17 
minutes. The decrement of all bands at a similar rate conveys that only one HC7O
+ 
isomer is 
responsible for these absorptions (red trace, Figure 4.5). No new peak appeared after irradiation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Electronic absorption spectrum recorded in 6 K neon matrix after deposition of 
m/z = 101 cations produced from 1,2,3,4,5-benzenepentacarboxylic acid (black) and 
after irradiation by photons below 260 nm (red). The blue trace was recorded after 
deposition in pure neon. 
 
Previous studies with oxygenated hydrocarbon cations have shown that this class of 
species has a tendency to lose CO upon UV irradiation. Photodissociation of H2C6O
+
 and 
H2C7O
+
 yielding HC5H
+
 and HC6H
+
, respectively, have been observed in neon matrices. Hence, 
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the intensity decrease of the 278 nm system could be due to the photofragmentation of the 
carrier, although absorption of C6H
+
 was not detected. In another experiment, HC7O
+
 was 
deposited in a pure neon matrix to confirm the ionic character of the carrier (blue trace, 
Figure 4.5). No absorption was detection which establishes that the species is a cation. Due to 
the absence of the scavenger (CH3Cl), free electrons in the matrix generated by the impingement 
of defocused ions with the metal walls readily neutralize the deposited cations. As a 
consequence, cationic bands are barely seen in pure neon matrices.  
 
Chart 4.2: Structure and relative ground state energies (kJ mol
−1
) of the HC7O
+
 cations (bold) 
and neutrals (italic) calculated with DFT using M062X/cc-pVTZ theory.  
 
 
In order to assign the 278 nm electronic system to a specific HC7O
+ 
structure, three 
plausible isomers K
+
, L
+
 and M
+ 
were optimized with DFT using cc-pVTZ basis set and M062X 
functional (Chart 4.2). The isomer K
+
 is the most stable and the L
+
 and M
+
 lie 340 kJ mol
-1
 to 
higher energy, which indicates that the generation of L
+
 and M
+
 in the ion source is very 
unlikely. Thus, vertical excitation energy was only calculated for K
+
. MS(6)-CASPT2 was 
employed to predict the excited state energies using the DFT optimized ground-state coordinate 
(Table 4.4). Calculation gives the strongest transition of K
+
 to the 2 
1Σ+ state at 4.89 eV, in 
agreement with the experimental observation at 278 nm (4.46 eV). The next transition to the 
3 
1Σ+ state is almost 75 times weaker. Therefore, the absorption at 278 nm is the 2 1Σ+ ← X 1Σ+ 
transition of K
+
. The calculated excited state energies for K explain why no absorption of neutral 
was observed after irradiation of the matrix; K possesses an allowed transition 7 
2Π ← X 2Π at 
5.36 eV, beyond the experimental measurement range (250-1100 nm).  
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Table 4.4: Vertical excitation energies (eV) and oscillator strengths (f) of isomer K
+
 and K 
calculated at the MS(6)-CASPT2/cc-pVTZ level. The experimental value is in bold. 
Species State      Energy f Exp. 
K
+
  X 
1Σ+        0.00                
1 
1Σ+        3.25          0.00 
2 
1Σ+        4.89          1.13 4.46 
3 
1Σ+        5.22          0.02 
 K
  
X 
2Π         0.00                
     1 
2Π          2.73          0.001 
     2 
2Π          3.09          0.001 
     7 
2Π          5.36          0.02 
 
Several vibrational excitations are seen in the 2 
1Σ+ ← X 1Σ+ system (Figure 4.5). The 
active vibrational modes are identified by comparison to the totally symmetric (+) harmonic 
frequencies in the 2 
1Σ+ electronic state calculated with TD DFT/cc-pVTZ/M062X. The peaks 
apparent 464, 927, 1927 cm
-1
 blue of the origin are assigned to the 8, 7 and 5 modes while 
those located at 1398 and 2446 cm
-1
 are probably due to the combinations 7+ 8 and 5+ 8, 
respectively. The vibrational frequencies are consistent with the linear HC7O
+
 structure. 
Table 4.5. Electronic absorption band maxima ( 0.1nm) of l-HC7O
+
 in a 6 K neon matrix and 
the assignment is based on the calculated totally-symmetric harmonic frequencies at 2 
1Σ+ state 
listed in the footnote. 
λ (nm)  ν (cm-1) ∆ν (cm-1)    Assignment 
278.0  35971  0  
0
00     2 
1Σ+ ← X 1Σ+    
274.5  36435  464   8 
271.0  36900  929  7 
267.6  37369  1398  6 /7+ 8 
263.6  37936  1965  5 
260.3  38417  2446  5+ 8   
ν1 – ν8 (
+
): 3428, 2430, 2307, 2273, 2149, 1412, 972, 491.  
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4.3.3 C4O2
+
 : 1 
2
u ← X 
2
g TRANSITION  
The electronic absorption spectrum recorded after mass-selected deposition of C4O2
+
 (m/z=80) in 
solid neon shows a number of transitions in 370 – 420 nm region (Figure 4.6, red trace). As 
stated for H2C6O
+
 and HC7O
+
, the matrix was irradiated by  < 260 nm photons (black trace) to 
identify whether the carrier(s) of these bands is ionic or neutral. Intensity decreases 
proportionally across all bands. This implies that one C4O2
+
 isomer is responsible for these 
transitions. Multiplet band profile was observed for the 417.0 nm origin band, which occurred 
due to the isolation of the absorbers in energetically not equivalent matrix sites. Every two 
adjacent peaks are separated by 150-170 cm
-1
, indicating a Franck-Condon active bending mode 
in the excited state (Figure 4.6).  
 
Figure 4.6: Electronic absorption spectrum recorded in a 6 K neon matrix after mass-selected 
deposition of C4O2
+ 
(red trace) and after 17 minutes UV irradiation (< 260 nm) of 
the matrix (black trace). Bond lengths (Å) of l-OC4O
+
 correspond to the optimized 
geometry at M062X/cc-pVTZ/DFT level. 
The C4O2
+
 cation was most likely generated in the source by an ion-molecule reaction 
between C2O
+
 and C2O. Therefore, the preliminary guess was: the linear OC4O
+
 structure is the 
carrier of 417 nm system. The other plausible isomers are highly unstable compared to this linear 
one and unlikely to form in a hot cathode discharge source. 
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Table 4.6. Electronic excitation energies Ecal (eV) and oscillator strength (f) of the dipole- 
allowed electronic transitions of l-OC4O
+
 calculated by the MS CASPT2 method and compared 
with the experimental value Eexp.  
 
  Species Transitions  Ecal  f  Eexp  
l-OC4O
+
  1 
2u ← X 
2g 3.19  0.004  2.97  
   2 
2u ←           3.24  0.000 
3 
2u ←           3.78  0.000 
5 
2u ←           4.04  0.001 
 
Vertical excitation energies were calculated for l-OC4O
+
 to assist the structural assignment of 
417 nm system (Table 4.6). The ground-state geometry was optimized first with DFT/ 
M062X/cc-pVTZ level and that co-ordinate was used for the excitation energy calculation with 
MS CASPT2 methods. According to calculation, l-OC4O
+
 possesses a detectable transition 
1 
2u ← X 
2g at 3.19 eV (f=0.004) which agrees with the observation at 2.97 eV (417 nm). 
Vibrational bands to the blue of the origin are assigned on the basis of excited state frequencies 
calculated with CIS/cc-pVTZ level (Table 4.7). This CIS method has unveiled a change of 
geometry in excited state to C2h from D∞h (Figure 4.7).  
Table 4.7. Electronic absorption band maxima ( 0.1 nm) of l-OC4O
+
 in a 6 K neon matrix. The 
assignment is based on the calculated ground state vibrations (cm
-1
), given in the footnote. 
λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment  
417.0  23979  0  
0
00              1 
2u ← X 
2g 
414.0  24152  173  12 
406.4  24606  627  4   
403.8  24768  789  4 +12 
390.1  25634  1655  2 
387.3  25820  1841  2 +12 
380.8  26259  2280  1 
378.7  26405  2426  1 +12 
1-5 (ag): 2492, 1805, 857, 597, 286 cm
-1
; 6 (bg): 497 cm
-1
; 7-8 (au): 727, 129 cm
-1
; 
9-12 (bu): 2799, 1599, 1136, 140 cm
-1
. 
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Figure 4.7: Geometry change of l-OC4O
+
 in the excited state 1 
2u (
2
Ag), computed with CIS 
method using cc-pVTZ basis set. 
 
4.4 CONCLUSION 
Two isomers of H2C6O
+
 (2-ethynylcycloallyl)methanone cation B
+
 and 2-ethynylbut-3-yn-1-
enone-1-ylide, F
+
 were produced in a hot cathode discharge source from a mixture of carbon 
suboxide C3O2 and diacetylene HC4H. The reactions between C2O and HC4H
+
, or C2O
+
 and 
HC4H, are exothermic. They should be considered in the astrophysical models as a way of 
incorporation of oxygen into the hydrocarbon moieties. The B
+ 
and F
+
 isomers were found 
unstable under 260─390 nm photon exposure.  
The 2,4,6-heptatriynal cation HC7O
+
 is isoelectronic to cyanotriacetylene HC7N
30 
identified in 
space. The intense rotation transitions of cyanopolyynes have been observed in the dense clouds 
due to the large-dipole moments. In case of 2,4,6-heptatriynal cation this is calculated to be 
1.5 D, suitable for the interstellar identification via millimeter-wave technique. As oxygen is as 
abundant as nitrogen in the ISM, one can expect the existence of HC7O
+/0 
species.
 
Ion-molecule 
reactions driven by cosmic rays are used to discuss the chemistry in the dense clouds,
31
 therefore, 
insertion of O
+
 into C7H or the reaction between C6H and CO
+
 can yield HC7O
+
. These possible 
reactants CO
+
, C6H, C7H have been identified in such environments.
32
 Production of polycarbon 
chain oxides in interstellar clouds is a challenging issue in astrochemical research. The spectrum 
D∞h 
Ground St.- + 
D∞h 
+ 
Excited St.- 
    (CIS) 
C
2h
 
  C4O2+ species    
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reported for the l-OC4O
+
 can be a starting point for the gas-phase analysis and the astrophysical 
findings. 
Moreover, oxygenated hydrocarbons and their ions are likely reactive intermediates in 
combustion, and the present spectroscopic data provide the means to monitor them in situ via 
their electronic absorptions.  
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SPECTROSCOPY OF PROTONATED 
POLYCYCLIC AROMATICS 
 
Four electronic systems starting at 759.5, 559.3, 476.3, and 385.5 nm are detected in a 6 K neon 
matrix following deposition of mass-selected protonated fluoranthene (m/z = 203) produced 
from reactions of neutral vapour and ethanol in a hot-cathode ion source. Two different isomers 
are identified as the carriers of these absorprion systems after irradiation of the matrix by λ < 260 
nm photons. The 559.5, 476.3 and 385.5 nm systems are assigned to 4, 3, 2 
1A' ← X 1A' 
transitions of isomer -protonated fluoranthene E+ on the basis of theoretical predictions. The 
759.5 nm systems is the 2 
1
A1 ← X 
1
A1 absorption of isomer C
+
, - protonated fluoranthene.  
The electronic transitions of 9-fluorenone FL
+
 and 2,3,6,7-dibenzotropone  DBT
+
 cations are 
also detected in 6 K neon matrices following the mass-selective deposition. The absorptions at 
649.2 and 472.2 nm are assigned to the 2 
2
B1 ← X 
2
A2 FL
+
 and 2 
2
A′ ← X 2A′ DBT+ electronic 
transitions. Absorption spectra of protonated 9-fluorenone H
+
-FL and 2,3,6,7-dibenzotropone 
H
+
-DBT have also been measured. Ethanol was employed as the protonating agent. 
Vibrationally resolved absorptions commencing at 423.3 nm of H‒FL+ and  two band systems of 
H‒DBT+ with origins at 502.4 and 371.5 nm are assigned to the 2 1A' ← X 1A' electronic 
transition of 9-hydroxy-fluorenyl cation and 1 
1
A ← X 
1
A, 2 
1
A ← X 
1
A of 
2,3,6,7-dibenzocycloheptenol cation. The assignments are based on vertical excitation energies 
calculations with TD DFT, SAC-CI and MS-CASPT2 methods. 
 
 
 
 
5 
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5.1 INTRODUCTION 
A significant portion of carbon in interstellar medium is supposed to be in the form of polycyclic 
aromatic hydrocarbons (PAHs). The broad infrared emission features detected from galactic and 
extragalactic objects, the unidentified infrared emission bands (UIR), are universally assigned to 
vibrational transitions of PAHs and their ions.
1-6
 In dense molecular clouds or disks of young 
stellar objects where temperatures are low 10-20 K, PAHs are believed to be condensed on 
interstellar grains as a part of molecular ices, containing mainly water. Grain surface is 
conceived as an important site for prebiotic chemistry. Therefore, investigation on the chemistry 
of PAHs in cosmic ice analogues upon ultra-violet radiation has become a topic in 
astrochemistry, and several experiments were carried out by varying the temperature, size of 
aromatics and using different molecular ices (e.g. H2O, O2, CO2, HCN, NH3).
7-12  
 The results 
demonstrate that solid -phase light driven chemistry modifies the organics and even creates new 
systems.
 
In the case of H2O mantels, formation of ketones and alcohols of the corresponding 
PAHs is predominent.
8,10 
As closed shell PAHs generally have the strongest absorption more to the UV region, 
their radical cations (PAH
+
s) and isoelectronic protonated analogues (H-PAH
+
s) became a 
subject for spectroscopy and quantum chemistry;
13
 it has unveiled that most of the H
+
-PAHs and 
PAH
+
s have strongest transition in the visible. Significance of protonated PAHs as the carrier of 
UIRs and DIBs has been discussed in Chapter 1 (section 1.5). We are now at the golden age of 
observational astronomy, Spitzer and ISO have already created a huge database and JWST, E-
ELT missions are around the corner, therefore, a significant amount of laboratory 
characterization of PAHs, H
+
-PAHs and their derivatives will be needed in near future. Matrix-
isolation approach has proven to be suited to study both positive and negative ions.
14-16
 
Molecular spectroscopic characterization of neon/argon matrix-isolated PAHs and their ions 
produced by in situ photoionisation have been carried out.
17
 Mass-selected deposition of charged 
PAHs in 6 K solid-neon has also been very successful.
18
 Such data are also of general interest as 
ionized PAHs are considered to be reaction intermediates in combustion.
19
  
So far, spectroscopic analysis has been focused on one class of PAHs bearing six-
membered rings and having absorption in the IR and visible.
20,21
 The recent identification of C60
+
 
in the ISM
21 
suggests the existence of polycyclic species containing both five- and six membered 
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rings together. Hence, electronic and IR spectra are required for the latter sort of molecules. In 
this context, electronic characterization of protonated fluoranthene (H
+
-FT), having both five- 
and six membered rings, has been carried out.  
Oxygenated analogs of PAHs have not been much studied except for few photoelectron 
spectra.
22 
Oxygen containing PAHs (O-PAHs) could be present in astronomical environments as 
incorporation of oxygen is apparent from the UV photolysis of PAHs in solid H2O.
8 
Aromatic 
ketones have been reported in meteorites.
23-25 
In addition to the possible astrophysical 
importance, O-PAHs are also detected in the soot of woods and organic oils.
26,27
  
In this chapter the electronic absorption spectra of two O-PAH
+
s, 9-fluorenone FL
+
 and 2,3,6,7-
dibenzotropone DBT
+
 cations and their corresponding protonated species H-FL
+ 
and H-DBT
+
 
are reported. The assignment of the transitions is made on the basis of ground-state stability and 
calculated excitation energies.  
5.2 PRODUCTION OF PROTONATED AROMATICS 
The proton transfer technique is an energetically soft approach applied in mass 
spectrometry. The solid precursor, fluoranthene FT, 9-fluorenone FL and 2,3,6,7-
dibenzotropone DBT were heated in an oven and carried to the source by ethanol EtOH vapor 
which served as the protonating agent. The structures of the precursors are shown in Chart 5.1.  
Chart 5.1: Structure of the precursor molecules 
The protonated PAHs are produced in the source in situ via EtOH2
+
 (protonated EtOH). It 
has been previously demonstrated that high pressure of EtOH vapor in the source favors the 
formation of EtOH2
+
 and as a consequence the production of protonated PAH (Chapter 2). 
  Generation of H+-FT, H+-FL, H+-DBT  
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Figure 5.1: Section of the mass spectrum of 9-fluorenone FL vapor (red) and in the presence of 
ethanol (black) in the hot cathode discharge source. 
In vapor of pure O-PAHs, the molecular ion M
+
 (m/z=180) had the highest intensity in the mass 
spectrum while the M
+
+1 signal grew with EtOH presence (Figure 5.1). Electronic spectra are 
recorded normally after accumulation of at least 10-15 C of cations in matrix.  
5.3 COMPUTATION 
There are five non-equivalent protonation sites in FT (Chart 5.2). Ground state geometry 
optimization of these five isomers A
+–E+ of H+-FT was carried out with DFT/B3LYP/cc-pVTZ 
theory. Four other isomers, except D
+
, lie energetically within 22 kJ mol
−1
 of each other, and E
+
 
is the global minimum on the potential energy surface of H
+
-FT. Vertical excitation energies and 
oscillator strengths of H
+
-FT isomers were calculated at the equilibrium coordinates obtained 
from B3LYP/cc-pVTZ computations. Symmetry Adapted Cluster/Configuration Interaction 
(SAC-CI)
 
method was employed with the Gaussian09 software
 
using the cc-pVTZ basis set with 
350 orbitals at an energy < 3.3 Hartree. 
 9–fluorenone FL and 2,3,6,7-dibenzotropone DBT have five and six non-equivalent 
protonation sites respectively. Computational data are needed for the determination of the most 
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stable protonation site as well as for the assignment of the carriers of the absorptions. 
Ground state optimization of the plausible protonated isomers of H-FL
+
 and H-DBT
+
 was 
carried out with the DFT method using a cc-pVDZ basis set and the hybrid B3LYP functional in 
the Gaussian 09 programme. Relative ground state energies for the H-FL
+ 
isomers [A1
+−E1+] 
are listed in Chart 5.3. Isomer A1
+
, proton attached to the oxygen atom, is found to be the most 
stable and C1
+
 is next, 75 kJ/mol
-1
 to higher energy. A similar tendency is observed for H-DBT
+
; 
among the six F
+−K+ isomers, F+ obtained by protonating the oxygen atom of DBT, is found as 
the global minimum. The next stable one H
+
 is found 102 kJ/mol higher in energy (Chart 5.3). 
Therefore the most stable structures: A1
+
 and F
+
, designated as H-FL
+
 and H-DBT
+
, were 
selected for excitation energy calculations. 
The coordinates of FL
+
,  H-FL
+
,  DBT
+
, H-DBT
+
 and their neutral counterparts were 
optimized with the DFT method using the correlation consistent (cc-VTZ) basis set and the 
M06-2X functional. These coordinates were used for the calculations of vertical excitation 
energies. A real minimum was found for DBT
+
 in CS symmetry, which lies 2.0 kJ/mol below the 
C2V structure. Nevertheless the C2V geometry was also used for the excitation energies 
calculations. 
Vertical excitation energies were calculated with (TD) DFT, SAC-CI, and MS-CASPT2 
methods. In the SAC-CI calculations the cc-pVDZ basis set was used and about 200 orbitals with 
an energy < 3 Hartree were exploited. In CASPT2 an active space was constructed from twelve 
electrons distributed over twelve orbitals (12,12) in the case of singlets and (11,12) for doublets  
with the exception of  H-DBT
+
 where the active space was reduced to (10,10).  
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Chart 5.2: Structure and relative ground-state energies (kJ mol
−1
) of the H
+
-FT isomers 
calculated with the B3LYP/cc-pVTZ level of theory. The detected isomers are highlighted 
by red. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chart 5.3: Structure and relative ground state energies (kJ mol
−1
) of the H-FL
+
 and H-DBT
+
 
isomers, calculated with DFT using the cc-pVDZ basis set and the B3LYP hybrid functional.  
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5.4 RESULTS AND DISCUSSIONS  
5.4.1 Protonated Fluoranthene (H
+
-FT):  
Mass-selected deposition of m/z=203 (H
+
-FT) cation reveals a number of moderately strong 
absorption systems in visible and UV regions (red trace of Figure 5.2, 5.3). Three dominant 
origin bands followed by similar vibrational progressions are observed at 559.3, 476.3 and 
385.5 nm (Figure 5.2) where the one at 476 nm is the strongest. Another vibrationally resolved 
system is apparent at 759.5 (Figure 5.3). A small percentage of deposited cations recombine 
with electrons in the matrix and thus there is always a contribution of neutrals in the spectra 
recorded after deposition. The matrix was then exposed to < 260 nm photons to distinguish the 
cationic and neutral absorptions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Electronic absorption spectra recorded after depositing m/z = 203 cations produced 
by protonation of fluoranthene in the source using ethanol (red trace), and after 
irradiation of the matrix with λ < 260 nm photons (black trace). The electronic 
absorption spectrum of fluoranthene cation (C16H10
+
) is shown as blue trace. The 
origins of neutral absorptions are denoted by green arrows; that of N2
+
 is 
marked (*).
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After irradiation cationic bands diminish while peaks of neutrals increase. The band intensities of 
all the three intense systems at 559, 476 and 385 nm noticeably decreased (Figure 5.2, black 
trace). The other absorption system at 759 nm also has a reduced band strength after irradiation 
(Figure 5.3, black trace). On the other hand, peaks at 401.9 393.3, and 353.2 nm gained intensity 
(green arrows in Figure 5.2). The 401.9, 393.3 and 353.2 nm features lie among the vibrational 
progressions of the 476 and 385 nm absorption systems. The decrement of intensity indicates 
that the systems at 559, 476, 385 and 759 nm are cationic in nature while the carrier(s) of the 
401.9, 393, and 353 nm ones is neutral. No new peak appeared after irradiation.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Electronic absorption spectra recorded after depositing m/z = 203 cations produced 
by the protonation of fluoranthene in the source using ethanol (red trace), after 
irradiation of the matrix in the 285–300 nm range (green trace) and exposure with 
photons below 260 nm (black trace). 
 
In previous studies of H
+
-PAHs in neon matrices, absorption from precursor cations were 
detected after mass-selected deposition of the corresponding protonated species.
28 
The reasons 
were: 1) collisionally induced H loss during deposition 2) 
13
C isotopologues with the same mass 
as the protonated species. Hence, in separate experiment, mass-selected deposition FT
+
 
  Chapter 5: H+-FT  
139 
 
(m/z=202) was carried out. The absorption spectrum is shown in the blue trace of Figure 5.2, 
and the origin of the 3 
2
A'' ← X 2A'' electronic transition of FT+ lies at 531.1 nm. The band 
maxima and assignments are listed in Table 5.1. The peaks which belong of FT
+
 do not coincide 
with any absorption in the deposition of H
+
-FT, which implies that all cationic bands in Figure 
5.2 and 5.2 are of the H
+
-FT species.  
T 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Electronic absorption (blue) and fluorescence (red) spectra recorded after depositing 
m/z=203 cations in neon matrices at 6 K. Emission was measured after exciting 
the 50 absorption band of the 2 
1
A' ← X 1A' electronic system (arrow). 
 
The decrement rate of the bands upon UV exposure suggests that the 559, 476 and 
385 nm systems are of one H
+
-FT isomer and the 759 nm of another. Fluorescence 
measurements were carried out. The same spectrum (Figure 5.4, red trace) was obtained by 
exciting the three absorption origins at 559, 476 and 385 nm and their vibrational progression 
bands. On the other hand, no fluorescence was detected by exciting the bands of 759 nm system 
which affirms the previous speculation that this absorption is of another H
+
-FT isomers.   
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SAC-CI calculation for the vertical excitation energies of the five most stable isomer of 
H
+
-FT, A
+
, B
+
, C
+
, D
+
 and E
+
 were carried for the structural assignments. Isomer C
+
 gives the 
best correspondence for the 759 nm (1.63 eV) system. SAC-CI predicts only one intense 2 
1
A' ← 
X 
1
A' transition at 1.84 eV (f=0.19) for C
+
 in the 260-1100 nm region in agreement with the 
experimental observation (Table 5.3). The next equally intense absorption 4 
1
A' ← X 1A' of C+ is 
predicted at 4.41 eV, at the edge of the experimental detection range and additionally, the 
absorption below 270-280 nm would be difficult to observe due to Rayleigh scattering. Hence, 
the 759 nm absorption system is attributed to isomer C
+
. Transitions to the vibrationally excited 
levels in the 2 
1
A' electronic state are seen 193, 341 and 547 cm
-1
 blue to the 759.5 nm origin 
peak. These vibrations are assigned on the basis of totally symmetric ground state values of C
+
 
calculated with DFT (Table 5.1).  
As deduced above, the other three cationic bands are due to one isomer of H
+
-FT. SAC-
CI predicts intense transitions 4, 3, 2 
1
A' ← X 1A' at 2.25 eV (f=0.17), 2.99 eV (f=0.19) and 3.41 
eV (f=0.16), respectively, for the most stable isomer E
+
. B
+
 also has three electronic transitions 
at 2.08 eV (f=0.20), 2.53 eV (f=0.13) and 3.57 eV (f=0.26). The excitation energies for both B
+
 
and E
+
 agree well with experimental result but the most intense transition of B
+
 is predicted at 
3.57 eV contradictory to the observation. Calculated oscillator strengths of E
+
 are consistent with 
observed relative intensities, and E
+
 is the global minimum. B
+ 
is less stable by 20 kJ mol
-1 
relative to E
+
.  
In further experiment, the matrix was exposed to different energy photons to probe the 
stability of these two protonated isomers. Light in the 285-300 nm range removes the hydrogen 
from isomer C
+
 and as a consequence 759 nm band system losses in intensity (green trace, 
Figure 5.3).
 
The 559 nm system must also decrease in intensity if the carrier would be the B
+
; B
+
 
and C
+
 are energetically similar (Chart 5.2). But the 559 nm system was found to be very stable 
upon exposure of this 285-300 nm photons which supports the assignment of the E
+
 as the 
carrier. Thus, E
+
 is assigned as the carrier of the three absorption systems at 559 (2.21 eV), 476 
(2.60 eV) and 385 nm (3.22eV). Vibrational assignments are made (Table 5.1) on the basis of 
totally symmetric ground-state frequencies of E
+
 calculated with DFT.  
Vibrationally resolved 2 
1
A' → X 1A' fluorescence spectrum was recorded after laser 
excitation of the absorption wavelengths of E
+
 isomer. The bands obtained by the emission from 
v = 0 level of 2 
1
A' electronic state to vibrational levels of X 
1
A' are seen at 208, 451, 666, 745, 
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945, 1162 and 1414 cm
-1
 red to the 560.2 nm origin. They are assigned as 
and totally symmetric (a') vibrations in the X 
1
A' state on the basis of 
calculated ground-state frequencies of E
+
 (Table 5.2). All of these modes are also apparent in the 
absorption spectra. The zero phonon line of the origin band is at 559.9 nm. Absorption signal 
results from all deposited cations as the light is collected after propagating through whole matrix 
while fluorescence is recorded by exciting the trapped molecules present in a portion of the 
matrix. Hence, the signal-to-noise is reduced in fluorescence spectrum.  
The weak absorptions of neutrals were detected at 401.9, 393.3 and 353.2 nm. The 
relative intensity change upon UV irradiation, suggesting that these bands are of one carrier. 
According to SAC-CI calculation, E has the strongest transition at 3.45 eV in agreement with the 
experimentally found most intense neutral band at 353 nm (Table 5.3). SAC-CI is not a 
satisfactory method for prediction of excitation energies of such large open shell molecules. As 
the three absorptions are not of a FT photofragment, no distinct features were seen at these 
wavelengths after irradiation of FT
+
. Thus, 401.9, 393.3, and 353.2 nm systems are assigned to 
neutral E.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Chapter 5: H+-FT  
142 
 
Table 5.1: Absorption band maxima ( 0.1nm) of electronic transitions of protonated 
fluoranthene (H
+
-FT) cations, their neutrals (H-FT) and fluoranthene cation (FT
+
) in 6 K neon 
matrices. The assignment is based on the vibrational frequencies of the normal modes listed in 
the footnote of Table 5.2. 
λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 
E
+
 
559.3  17879  0  
0
00    2 A' ← X A' 
553  18083  204         
545.9  18318  439   
540  18519  640      
537.3  18612  733   
533.4  18748  869   
531.4  18818  939   
524.9  19051  1172   
519.4  19253  1374   
513.1  19489  1610   
508.1  19681  1802   
501.3  19948  2069   
487.4  20517  2638   
476.3  20995  0  
0
00    3 A' ← X A' 
471.8  21195  200   
468.7  21336  341   
465.9  21464  469   
464.4  21533  538   
462.4  21626  631    
458.4  21815  820   
456.5  21906  911   
452.8  22085  1090   
449  22272  1277   
445.7  22437  1442   
442.5  22599  1604   
439  22779  1784   
419.1  23861  2866   
385.5  25940  0  
0
00     4 A' ← X A' 
382.6  26137  197   
380.5  26281  341   
375.1  26660  720   
366.3  27300  1360   
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λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment  
C
+ 
759.5  13167  0  
0
00            2 
1
A' ← X 1A' 
748.5  13360  193   
740.3  13508  341   
729.2  13714  547   
H-FT  
401.9  24882  0  
0
00  
393.3  25426            544 
353.2  28313            3431   
FT
+
 (C16H10
+
) 
531.1  18829  0  
0
00              3 
2
A'' ← X 1A'' 
521.6  19172  343     
515.8  19387            558   
513.3  19482  653   
502.3  19908  1079   
495.4  20186  1357   
488.1  20488  1559    
  
Table 5.2: Fluorescence band maxima ( 0.1nm) of protonated fluoranthene (H-FT+) cation, E+ 
in 6 K neon matrices. The assignment is based on the vibrational frequencies of the normal 
modes listed in the footnote of table 1. 
λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 
560.2  17876  0  
0
00    2 A' → X A' 
566.8  17674  208   
574.7  17416  451  
581.9  17203  666   
584.6  17129  745   
591.5  16932  945   
599.2  16711  1162   
608.4  16450  1414   
E
+
 aʹ (CS); 1 − 50 :3208, 3204, 3202, 3199, 3194, 3190, 3185, 3184, 3179, 2982, 1658, 1641, 1633, 1616, 
1566, 1549, 1507, 1501, 1473, 1458, 1420, 1394, 1373, 1363, 1340, 1322, 1296, 1260, 1223, 1208, 1200, 
1184, 1160, 1106, 1101, 1050, 1041, 990, 949, 887, 807, 767, 674, 614, 566, 555, 482, 462, 349, 208. 
C
+
 aʹ (CS); 1 − 50 :: 3210, 3205, 3201, 3199, 3198, 3189, 3187, 3186, 3184,2984, 1654, 1643, 1636, 
1622, 1582,1531, 1507, 1495, 1458, 1443, 1435, 1406, 1390,1343, 1329, 1313, 1284, 1251, 1242, 1209, 
1209, 1182, 1136, 1109, 1084, 1042, 1039,986, 943, 896, 794, 769, 674, 618, 563, 548, 489,461, 349, 
205.       
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Table 5.3: Vertical excitation energies and oscillator strengths (f) of protonated fluoranthene 
cations (H
+
-FT) and hydrofluoranthene radicals (H-FT) calculated with SAC-CI using cc-pVTZ 
basis and the internal coordinates from B3LYP/cc-pVTZ level of theory. Experimentally 
observed transitions are in bold. 
Protonated fluoranthenes (H
+
-FT) Hydro fluoranthene radicals (H-FT) 
Ext. State Sym.        Eex (ev)           f Ext. State Sym.            Eex (ev)              f 
A
+
  X 'A, Cs 
A'                                1.82               0.104 
A'                                2.39               0.043 
A'                                3.02               0.237 
A'                                3.92               0.211 
A'                                4.19               0.180 
A'                                4.38               0.034 
 
B
+
  X 'A, Cs 
A'                                1.91               0.014 
A'                                2.08               0.204 
A'                                2.53               0.136 
A'                                3.57               0.264 
A'                                3.94               0.020 
A'                                4.17               0.079 
 
C
+
  X 'A, Cs 
A'                                1.10               0.002 
A'                                1.84               0.186 
A'                                3.0       0.062 
A'                                4.04               0.075 
A'                                4.41               0.185 
A'                                5.07               0.538 
                             
D
+
  X 'A, Cs 
A'                                1.52                0.035 
A'                                1.86                0.013 
A'                                3.13        0.029 
A'                                3.48                0.043 
A'                                3.99                0.000 
A'                                4.44                0.299 
 
E
+
  X 'A, Cs 
A'                                0.99                0.001 
A'                                2.25                0.177 
A'                                2.99                0.184 
A'                                3.41                0.169 
A'                                4.60                0.502 
A'                                5.12                0.321 
C  X ''A, Cs 
A''                                 2.02              0.007 
A''                                 2.85              0.009 
A''                                 3.95              0.005 
A''                                 4.45              0.008 
A''                                 5.28              0.009 
 
E  X ''A, Cs 
A''                                 2.33               0.005 
A''                                 3.45               0.017 
A''                                 3.52               0.010 
A''                                 4.40               0.014 
A''                                 5.20               0.007 
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5.4.2    9–fluorenone cation (FL+) and protonated 9–fluorenone (H+-FL) 
Spectra recorded after mass–selected deposition of the 9-fluorenone FL+ cation with neon 
including a trace of CH3Cl shows four moderately intense absorption features in the 580-660 nm 
range. The strongest band is apparent at 649.2 nm and three weaker ones lying 211, 419 and 
1463 cm
-1
 to higher energy (Figure 5.5, red trace). Thereafter, the matrix was exposed to < 
260 nm photons. The same rate of decrement of band intensities after irradiation (black trace) 
indicates that all of them belong to one 649 nm system and the carrier is cationic (Table 5.4). No 
new bands appeared after irradiation suggesting that neutral 9-fluorenone FL has absorptions 
beyond the detection range. The strongest transition of FL has been detected around 245 nm in 
solvents.
29,30 
 
Figure 5.5: Electronic absorption spectrum recorded after deposition of 9-fluorenone cation FL
+
 
into a neon matrix (red trace) and after neutralization of the cations with UV photons 
< 260 nm (black trace).  
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Table 5.4: Absorption band maxima (±0.1nm) of electronic transitions of 9-fluorenone cation 
FL
+
 and protonated fluorenone H
+
-FL in 6 K neon matrices and assignment based on the 
vibrational frequencies of the normal modes listed in the footnote.
33
 
λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 
FL
+
 
649.2  15404       0        
0
00    2 
2
B1 ← X 
2
A2     
640.4  15615      211         ν21 
632.0  15823      419               ν20 
592.9  16866      1463        ν9      
H
+
-FL 
423.3  23624  0         
0
00   2 
1A' ← X 1A'   
419.2  23855  231          ν43 
416.2  24027  403                         ν41 
413.8  24166  542                         ν39 
409.5  24420  796          ν35 
406.7  24588  964          ν33 
404.6  24716  1092         ν30 
402.7  24832  1208          ν24 or ν25 
399.8  25013  1389          ν20 
393.2  25432  1808        ν20+ ν41 
391.4  25549  1925             ν20+ ν39 
FL
+
 (C2V); (a1) 1‒ 21: 3227, 3225, 3214, 3201, 1899, 1680, 1594, 1525, 1465, 1420, 1357, 1253, 1189, 
1169, 1113, 1028, 783, 720, 557, 415, 200            
H
+
-FL (CS); (a') 1‒ 43: 3759, 3242, 3235, 3213, 3212, 3205, 3201, 3200, 3172, 1671,1681,1690, 1667, 
1601, 1530, 1526, 1495, 1494,  1439, 1392, 1326, 1323, 1290, 1229, 1209, 1204, 1197, 1178, 1122, 1113, 
1056, 1053, 1029, 921, 786, 743, 638, 623, 560, 508, 423, 275, 208.  
 
FL has been previously studied by photoelectron (PE) spectroscopy.
31
 The PE spectrum 
reveals a triplet structure at 0.86, 0.99 and 1.18 eV and a distinct band at 1.91 eV above the 
ground state of FL
+
. Vertical excitation energies of FL
+
 were calculated (Table 5.5) with TD 
DFT, SAC-CI and MS(5)-CASPT2 (11,12) methods to assign the detected electronic absorptions 
in the current matrix experiment. All three methods predict low-lying electronic states 1 
2
A2, 
1 
2
B1, 1 
2
B2 above the X 
2
A2 ground-state with energies close to the derived ones by PE study. A 
strong electronic transition with oscillator strength f =0.15 - 0.30, to the 2 
2
B1 state with energy 
2.10 - 2.35 eV agrees well with the observation at 649 nm (1.91 eV); the band 1.91 eV above the 
ground state of the ion seen in PE spectrum corresponds to this 2 
2
B1 ← X 
2
A2 transition. The TD 
DFT and CASPT2 calculations predict also a strong 3 
2
B1 ← X 
2
A2 transition between 3.1 - 3.4 
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eV which has not been observed experimentally. TD DFT and CASPT2 likely overestimated the 
f values. 
 
Table 5.5: Electronic states, vertical excitation energies (eV) and oscillator strengths (italics) of 
9-fluorenone cation and protonated 9-fluorenone calculated with TD DFT/M06-2X/cc-pVTZ, 
SAC-CI/ cc-pVDZ and MS(5)-CASPT2/cc-pVTZ using coordinates from DFT M06-2X/cc-
pVTZ.
33
 
State TD DFT SAC-CI CASPT2 
FL
+
  C2v 
X 
2
A2  
1
 
 
2
A2 
1
  
 
2
B1 
2
  
 
2
B1 
3
 
 
2
B1 
4
 
 
2
B1 
1
  
 
2
B2 
 
0.00 
1.51   0.001 
1.68   0.0004                
2.09   0.18 
3.36* 0.084 
4.52   0.014 
1.65   0.0000 
 
0.00 
1.53   0.001 
1.63   0.002 
2.34   0.320 
4.73   0.003 
6.26   0.120 
1.20   0.000 
 
0.00 
1.26   0.002 
1.43   0.001 
2.14   0.150       
3.12   0.260   
4.21   0.000 
1.48   0.000 
 
H-FL
+
 Cs
 
X 
1A′  
1 
1A′ 
2 
1A′  
3 
1A′  
4 
1A′  
5 
1A′ 
 
 
0.00 
2.19 0.003 
3.55 0.23 
4.24 0.003 
4.89 0.17 
5.49 0.88 
 
 
0.00 
1.54  0.001  
2.93     0.220  
3.75  0.002 
4.54  0.200  
5.14  0.930 
 
 
0.00 
2.00  0.021  
3.26  0.230   
3.94  0.004  
4.61  0.008  
4.77  0.085 
*Spin contaminated state <S
2 
>=0.9 instead 0.75. The active space in the CASPT calculations was (11,12) 
for FL
+
 and (12, 12) in case of H-FL
+
.  
The three vibrational bands apparent in the spectrum are due to excitation of the 21, 20 
and 9 totally symmetric modes in the 2 
2
B1 excited electronic state of FL
+
. The assignment 
given in Table 5.4 is based on the ground state frequencies calculated at the DFT/M06-2X/ cc-
pVTZ level. 
The absorption spectrum recorded after a mass-selective deposition of protonated 
fluorenone H
-
FL
+
, m/z=181, shows an intense band at 423.3 nm with several weaker peaks 
between 390 - 420 nm (red trace, Figure 5.6).  The double headed features separated by 20-
25 cm
-1 
are evident for most of the peaks. This is due to trapping of the species at energetically 
non-equivalent neon sites. Thereafter, the matrix was exposed to < 260 nm photons. All the 
absorption bands diminished at the same rate upon irradiation (black trace, Figure 5.6). This 
indicates that these absorptions belong to one electronic system with origin at 423.3 nm and the 
carrier is cationic. No new peaks appeared after irradiation.  
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The absorptions recorded after depositing HFL
+
 do not coincide with any band of FL
+
. The 
contribution of 
13
C isotopologue of FL to H
+
-FL (m/z=181) ion current was negligible with 
higher pressure of ethanol in the source (black trace, Figure 5.1).  
 
Figure 5.6: Electronic absorption spectra recorded after deposition of m/z=181 cations produced 
by the proton transfer reaction of EtOH2
+
 with 9-fluorenone in the source (red trace) 
and after irradiation of the matrix by < 260 nm photons (black trace). Asterisk 
marks the band of H-FL
+
. 
 Calculations of the ground state energies of five plausible isomers of protonated 
fluorenone (Chart 5.3) indicate that structure A+ is by far the most stable and expected to be the 
carrier of the 423 nm absorption system. Calculated vertical excitation energies of A
+
 with 
TDDFT, SAC-CI and MS(6)-CASPT2(12,12) (Table 5.5) predict a strong 2 
1A′← X 1A′  
electronic transition at 3.55, 2.93 and  3.26 eV respectively, and two other with energy ~4.5  and  
~5.5 eV beyond the experimental detection range. Therefore the 423 nm (2.92 eV) system is 
assigned to the 2 
1A′← X 1A′ transition of A+, fluorenone protonated on the oxygen. The 
resolved vibrational structure apparent in the 423 nm system of H-FL
+
 is due to excitation of a 
number of modes in the 2 
1A′ state. The assignment in Table 5.4 is based on the calculated 
ground state harmonic frequencies of H-FL
+
. 
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Table 5.6: Vertical excitation energies (eV) and oscillator strengths (italics) of H-FL and 
H-DBT calculated with TD DFT and SAC-CI methods.
33
 
State TD DFT SAC-CI 
H-FL 
X 
2
A" 
1 
2
A" 
2 
2
A" 
3 
2
A" 
0.00 
2.44   0.000 
2.89   0.008 
3.42   0.001 
0.00 
2.47   0.001 
3.80   0.110 
4.29   0.031 
4.83   0.043 
 
H-DBT 
X 
2
A 
1 
2
A 
2 
2
A 
3 
2
A 
4 
2
A 
 
 
 
1.61  0.003 
3.03   0.056   
3.45   0.026 
 
 
0.00 
3.63  0.035 
4.08  0.072 
4.66  0.005 
4.86  0.002 
 
After release of electrons into the matrix by UV irradiation, neutral HFL was not 
observed. The TD DFT and SAC-CI methods predict a much weaker transition for HFL 
compared to HFL
+
 (Table 5.6). As the neutrals are formed in the matrix by electron 
recombination in some percentage of the cations, the detection of a transition with such a low 
oscillator strength is not expected. Photofragmentation of the cation could also be another 
reason. 
5.4.3 Dibenzotropone cation (DBT
+
) and protonated dibenzotropone (H
+
DBT)  
Mass-selected DBT
+ 
(m/z=206) was deposited with neon containing a trace of CH3Cl as 
scavenger. Two absorption systems were observed commencing at 472.2 nm and 896.4 nm 
(Figure 5.7, red trace). The 472 nm system decreased upon UV irradiation (black trace, right 
section) while the 896 nm one gained in intensity (black trace, left section). Thus, the former 
belongs to a cation, most likely DBT
+
, whereas the latter behaves in a way typical of a molecular 
fragment. The 896 nm absorption system is that of phenanthrene cation PH
+
; the spectrum of the 
mass-selected PH
+
 is shown in green trace of Figure 5.7. Thus, DBT
+
 fragments to PH
+
 and CO 
during deposition. DBT
+
 is also photochemically unstable as it produced PH
+
 upon UV 
irradiation. Release of CO from trapped ketones in a neon matrix upon UV exposure has been 
observed previously in Chapter 4 (section 4.3.1). 
   Chapter 5: DBT+ & H+-DBT  
150 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Electronic absorption spectra recorded after deposition of 2,3,6,7-dibenzotropone 
DBT
+
 into a neon matrix (red trace) and after photobleaching with UV photons,< 
260 nm (black trace). Green trace shows the spectrum obtained after deposition of 
phenanthrene cation PH
+
.  
 
DBT has been studied by photoelectron (PE) spectroscopy and semiempirical 
calculations indicated that the ground state of DBT
+ 
has 
2
B1 symmetry.
22
 In the PE spectrum, a 
band lying at 2.64 eV above the ground state of the cation is present. This energy is close to the 
472 nm (2.63 eV) system observed in a neon matrix after deposition of DBT
+
. Optimization of 
the ground state geometry revealed that the cation as well as neutral molecule have a saddle point 
at C2v symmetry and a real minimum at Cs. Nevertheless the C2v coordinates were used for the 
vertical excitation energy calculations. TD DFT, SAC-CI and MS(5)-CASPT2, all predict a 
strong 2 
2
A2 ← X 
2
B1 transition with energy 1.86 -2.03 eV (f= 0.12-0.26). As no absorption was 
detected in the near infrared region, the calculated vertical energy and/or the oscillator strength 
of the 2 
2
A2 ← X 
2
B1 transition are overestimated. 
The TD DFT, CASPT2 and SAC-CI indicate a moderately intense 2 
2
B1 ← X 
2
B1 
transition with energy 3.15, 3.13 and 3.52 eV (Table 5.8), respectively; the two former methods 
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also gives an even stronger 3 
2
A2 ← X 
2
B1 transition at 3.26 and 2.95 eV. The 3 
2
A2 state 
of DBT
+
 can only be accessed from the ground state of DBT via a two photon process, therefore 
the state obtained at 2.64 eV by the PE study does not correspond to 3 
2
A2. Hence, the band 
present in PE spectrum of DBT at 2.64 eV corresponds to the 2 
2
B1 state of the cation and the 
absorption starting at 472 nm (2.63 eV) belongs to the 2 
2
B1 ← X 
2
B1 electronic transition 
of DBT
+
. The CASPT2 calculations provides the best estimate of the energy of this transition, 
overestimate by 0.5 eV. Vertical excitation energies calculated with the coordinates optimized at 
Cs symmetry give similar results (Table 5.8). As the DBT
+
 is not planar the 472 nm system is 
assigned to the 2 
2A′ ← X 2A′ electronic transition (corresponding to  2 2B1 ← X 
2
B1 in higher 
symmetry). 
Table 5.7: Absorption band maxima (±0.1nm) of electronic transitions of 2,3,6,7-dibenzotropone 
cation DBT
+
 and protonated dibenzotropone H-DBT
+
 in 6 K neon matrices and assignment 
based on the vibrational frequencies of the normal modes listed in the footnote.
33 
λ (nm)  ν (cm-1) ∆ν (cm-1)    Assignment 
DBT
+
 
472.2  21177    0        
0
00    2 
2
A′ ← X  2A′  
462.5  21622   445         ν31         
454.1  22022   845          ν23 or  ν24       
H-DBT
+ 
502.4  19904  0         
0
00   1 
1
A  ← X  
1
A    
493.3  20272  368           ν67 
474.3  21084  1180           ν33 or ν34 
470.3  21263  1359           ν25 
466.0  21459  1555            ν16 or ν17 
371.5  26918  0          
0
00   2 
1
A  ← X  
1
A   
358.1  27925  1007           ν43 
353.6  28281  1363                        ν25 
DBT
+
 (CS);  ν1-ν37 (a'): 3237, 3224, 3214, 3212, 3200, 1791, 1660, 1621, 1592, 1533, 1468, 1406, 1352, 
1273, 1206, 1195, 1190, 1124, 1076, 1059, 1029, 953, 887, 838, 819, 792, 682, 674, 589, 511, 468, 400, 
318, 253, 209, 125, 44. 
H
+
-DBT (C1); ν1-ν75: 3810, 3248, 3228, 3218, 3218, 3211, 3208, 3203, 3199, 3193, 3189, 1700, 1679, 
1674, 1614, 1598, 1548, 1533, 1529, 1495, 1480, 1447, 1437, 1407, 1392, 1318, 1230, 1282, 1264, 1235, 
1219, 1215, 1207, 1191, 1169, 1141, 1095, 1082, 1062, 1056, 1048, 1030, 1016, 941, 936, 920, 877, 
862, 841, 832, 799, 782, 757, 735, 697, 687, 625, 604, 587, 579, 555, 516, 497, 478, 422, 413, 384, 331, 
324, 270, 218, 195, 138, 80, 50. 
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The electronic spectrum of DBT
+
  is simple and consists of a strong origin band at 
472.2 nm and two weaker vibrational bands lying 445, 845 cm
-1
 to the blue.  The assignment is 
based on the calculated ground state frequencies (Table 5.7). 
Two electronic systems starting at 502.3 and 371.5 nm were detected after mass-selected 
deposition of the m/z=207, H-DBT
+
 cations (red trace, Figure 5.8). Resolved vibrational 
structure is apparent for both electronic systems. Exposition of the matrix to  < 260 nm photons 
caused a decrease in intensity for all the bands (black trace) implying cationic carrier. The rate of 
decrement suggests that the 502.3 and 371.5 nm absorption systems are of same H-DBT
+ 
isomer. 
 
 
Figure 5.8: Electronic absorption spectra recorded after depositing m/z=207 cations produced by 
protonation of 2,3,6,7-dibenzotropone in the source using ethanol (red trace), and 
after irradiation of the matrix by < 260 nm photons (black trace).  
As in the case of H
+
-FL, protonation on the oxygen site gives the most stable isomer, F
+
 
of H
+
-DBT which is believed to be absorber. TD DFT and CASPT2 predict two 
1
A electronic 
states below 4 eV, whereas SAC-CI three (Table 5.8).  The two former methods locate a 
moderately intense lowest energy 1 
1
A ← X 1A transition around 3 eV, while the later at 
2.23 eV, comparable with 502 nm (2.47 eV) system. The TD DFT and CASPT2 calculations 
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overestimate the observed value by ~ 0.5 eV. The 502 nm system is assigned to the 1 
1A ← X 1A 
transition of H-DBT
+
. According to TD DFT the transition to the 2 
1
A state is expected around 
3.76 eV with f= 0.005, next is at 4.28 eV with f = 0.21. SAC-CI and CASPT2 give the 
2 
1
A ← X 1A transition at 3.29 eV (f=0.032) and 3.84 eV (f=0.14) respectively, which can be 
compared with 3.34 eV (371.5 nm) in the spectrum.  
Table 5.8: Electronic states, vertical excitation energies (eV) and oscillator strengths (italics) of 
2,3,6,7-dibenzotropone cation DBT
+
 and protonated dibenzotropone H-DBT
+
  calculated at the 
TD DFT/M06-2X/cc-pVTZ, SAC-CI/cc-pVDZ and MS(5)-CASPT2/cc-pVDZ level using 
coordinates from DFT M06-2X/cc-pVTZ.
33
 
State TD DFT SAC-CI CASPT2 
DBT
+
  C2v    
X  2B1 
1 
2
B1 
2 
2
B1 
1 
2
A2 
2 
2
A2 
3 
2
A2 
1 
2
B2 
0.00  
1.65   0.0013 
3.15   0.033 
1.79   0.0066 
1.86   0.13 
3.26   0.32 
1.77   0.0000 
0.00 
1.64   0.002 
3.52   0.075 
1.82   0.002 
2.03   0.260 
5.13   0.000 
1.62   0.000 
0.00 
1.47   0.001 
3.13   0.017 
1.53   0.025 
1.92   0.120 
2.95   0.550 
1.48   0.000 
DBT
+
  Cs 
   
X  2A′  
1 
2A′  
2 
2A′   
3 
2A′   
4 
2A′ 
1 
2A′′  
2 
2A′′  
3 
2A′′  
4 
2A′′  
5 
2A′′  
6 
2A′′  
0.00 
1.74 0.0017  
3.15 0.038 
4.02 0.0002 
4.30 0.0014 
1.53 0.081 
1.95 0.065 
3.34 0.31 
3.82 0.0084 
3.97 0.0038  
4.99 0.0009 
0.00 
1.72  0.002 
3.51  0.072 
4.85  0.007 
5.46  0.001 
1.40  0.005 
1.85  0.034 
2.07  0.220 
4.76  0.000 
5.15  0.001 
5.28  0.000 
0.00 
1.50    0.002  
3.09    0.013  
4.12    0.020  
4.41    0.005  
1.40    0.003  
1.70    0.280    
3.28    0.510     
4.19    0.000 
4.73    0.003 
5.04    0.003  
 
H-DBT
+
 C1 
   
X  1A  
1 
1
A  
2 
1
A  
3 
1
A  
4 
1
A  
5 
1
A  
6 
1
A  
0.00 
3.06 0.058 
3.76 0.005 
4.28 0.21 
4.82 1.13 
4.88 0.13 
5.23 0.055 
0.00 
2.23  0.059  
3.29  0.032 
3.67  0.096  
4.45  1.430  
4.57  0.016  
4.86  0.047  
0.00 
3.01   0.084  
3.84   0.140 
4.41   0.180  
4.80   1.170  
5.05   0.140  
5.45   0.003   
The active space used in CASPT2 calculations was (11,11) for DBT
+
 and (10,10) for H-DBT
+
. 
Though no new bands were detected after neutralization of the trapped cations, the 
expected electronic transitions of F were calculated (Table 5.6). SAC-CI predicts two electronic
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 transitions at 3.63 and 4.08 eV with an intensity similar as for H-DBT
+
. If the oscillator 
strengths are correct the neutral should also be detected, in contrast to the observation. 
Protofragmentation of the cations could be the reason for the lack of detection of F.   
 
5.5 CONCLUDING REMARKS 
The measurement of the gas-phase electronic spectrum of protonated fluoranthene was motivated 
by the confirmation of C60
+
 as the carrier of two DIBs at λ963.27 and λ957.75. Other 
observations at 942.85 and 936.59 nm in the astronomical and laboratory spectra has given 
validity to this claim that gas-phase C60
+
 is responsible for the absorptions with in HD 183143 
along this line-of-sight.
21,32 
One can speculate about how a complex molecular ion with 60 
carbon atoms can be produced within such a harsh environment and have a column density on 
the order of 10
13
 cm
−2
. However, if skeleton structures are available for a basis, the formation of 
C60 and C60
+
 may increase the abundance of these carbonaceous species, while that of sub-units 
are depleted. In view of the astrophysical relevance, protonated fluoranthene could be considered 
as a building block of fullerene production in the ISM. The origin band maximum of the 
2 
1
A' ← X 1A'  system lies at 559.3 nm and the strongest electronic transition 3 1A' ← X 1A' is 
detected at 476.3 nm.  
 The studied O-PAH class of molecules are astrobiologically interesting as they have been 
found in lipids, vitamins, pigment and are involved in electron transport. Aromatic ketones are 
also present in plants, fungi, lichens. Identification of 9-fluorenone in Murchison meteorite 
suggests that such aromatic ketones can be present on cosmic ices; ice photolysis in astronomical 
environments is believed to be the leading chemical process for the formation of the oxidized 
PAHs. They may also be found in the gas-phase because complex organics detected in the ISM 
are thought to be formed in cold grain surfaces and thereafter delivered into gas-phase through 
ablation by shock waves or heating from stars/supernova. This work provides spectroscopic data 
on the protonated fluoranthene and O-PAHs systems in inert neon matrices at 6 K and is a 
starting point for their gas-phase studies and astrophysical findings. 
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ABSORPTION OF ORGANIC REACTION 
INTERMEDIATES: PRODUCED IN 
ELECTRICAL DISCHARGE  
 
Three vibrationally resolved absorption systems commencing at 538, 518 and 392 nm have been 
detected in a 6 K neon matrix after mass-selected deposition of C13H9
+
 (m/z = 165) produced 
from fluorene in a hot cathode discharge ion source. Benz[f]indenylium (BfI+ : 538 nm), 
fluorenylium (FL9
+
 : 518 nm) and phenalenylium (PHL
+
 : 392 nm) cation are the absorbers. 
Two electronic systems of neutral species at 490 and 546 nm are apparent after irradiation of the 
matrix by  < 260 nm photons and assigned to FL9 and BfI radicals, respectively. The strongest 
peak at 518 nm is the origin of the 2 
1
B2 ← X 
1
A1 absorption of FL9
+ 
and 490 nm is the origin of 
2 
2
A2 ← X 
2
B1 transition of FL9. The systems commencing at 538 nm 546 nm are assigned to 
the 1 
1
A1 ← X 
1
A1 and 1 
2
A2 ← X 
2
A2 transitions of BfI
+
 and BfI. The 392 nm system is the 
1 
1
E' ← X 1A1' transition of PHL
+
. The electronic spectra of C13H9
+/0
 are assigned on basis of 
vertical excitation energies calculated with SAC-CI and MS-CASPT2 methods. The vibrational 
analysis supports the structural assignments. 
 
 
 
 
 
 
  
 
 
 
6 
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6.1 INTRODUCTION 
The spectroscopic investigation of fluorenylium FL9
+
, a text book example of an anti-aromatic 
carbenium ion, has been a standing goal in physical organic chemistry. Some information has 
been obtained on FL9
+
 via photolysis of 9-hydroxyfluorene (9-OH-FL) in a H2O/CH3OH 
solution. A broad transient absorption identified around 515 nm was assigned to FL9
+
,
1,2
 in 
agreement with previous studies such as photolysis of 9-OH-FL within metal zeolites,
3
 and 9-
diazafluorene (9-DAFL) in CH3OH.
4
 Recently, investigation of photochemical products of 9-
DAFL in amorphous water ice in the infrared and optical domain confirmed that the broad 
absorption at 515 nm originates from FL9
+
.
5 
FL9
−
 anion was the focus of gas-phase photoelectron studies which provided vibrational 
frequencies in the ground and the first excited state of neutral FL9.
6,7
 This radical produced by 
electron bombardment and UV photolysis of fluorene trapped in solid argon has also been 
studied by infrared, Raman and UV/visible spectroscopies.
8,9
 The bands observed in the 
vibrational spectra were attributed to specific modes of FL9 on the basis of calculated ground-
state frequencies. Electronic absorptions apparent in an argon matrix starting at 494.6 nm  were 
assigned to the 1 
2
A2 ← X 
2
B2 system of FL9.
9
 
Spectroscopic knowledge of another reactive intermediate, phenalenylium PHL
+
, is 
almost unexplored. A weak absorption obtained after γ-radiolysis of 7,7a-dihydro-6b H-
cycloprop[a]acenaphth-yleneothere in a freon matrix was tentatively assigned to PHL
+
.
10
 NMR 
studies have established its D3h structure.
11
 The corresponding neutral, phenalenyl radical PHL, 
is a resonance-stabilized species with a doublet ground-state. In solutions PHL dimerizes 
spontaneously forming σ and π associates. PHL has been characterized in frozen n-pentane by 
an emission feature
12
 and in the gas-phase by resonant ionization spectroscopy.
13
  
Despite these studies, structured optical spectra of FL9
+ 
and PHL
+
 have not been 
obtained. It is achieved in the present work; electronic spectra of PHL
+
, FL9
+
, BfI
+
 and the 
corresponding radicals have been recorded via mass-selected C13H9
+ 
deposition into a 6 K neon 
matrix.
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6.2 PRODUCTION OF C13H9
+
 
Fluorene and a mixture of naphthalene and propyne have been used as precursors for the 
production of C13H9
+
 species. H abstraction by the ionization of fluorene generated the mass 165. 
The same species was generated via the electron impact induced chemistry in a mixture of 
naphthalene and propyne. 
 
 
 
 
 
6.3 RESULTS AND DISCUSSIONS 
Electronic absorption spectra measured after mass–selected deposition of m/z = 165 cations in 
solid neon are shown in Figure 6.1, blue trace. The spectra obtained after irradiation of the 
matrix with λ < 260 nm photons are in red. A small amount 0.003% of CH3Cl was added to 
neon; CH3Cl reduces the space charge and suppresses neutralization of the cations during matrix 
growth. All absorptions in the blue trace except the two at 490 and 546 nm diminished upon 
exposure to UV photons. This suggests a cationic nature of the carrier(s). The relative decrement 
of band intensities establishes the presence of three electronic systems with distinct vibrational 
progressions starting at 537.8, 518.2 and 392.4 nm (Table 6.1). The strongest absorption is at 
518 nm. These absorption systems are due to three isomers of C13H9
+
.  
A multiplet band profiles are seen for the 537.8, 518.2 nm systems. In case of the 538 nm 
absorptions, these doublets, one narrower and other component broader, are separated by 
101 cm
-1
. The bands of the 518 nm system are triplets spaced by ca. 50 and 25 cm
-1
. These 
features correspond to molecules trapped at energetically different matrix sites.   
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Figure 6.1: Electronic absorption spectra in a 6 K neon matrix recorded after mass-selected 
deposition of C13H9
+
  cations produced from fluorene in a hot cathode discharge 
source (blue trace) and after irradiation with λ < 260 nm photons (red trace). 
Transition of N2
+
 is denoted by asterisk. 
The C13H9
+
 ion was then produced in the source from a mixture of naphthalene and 
propyne. The spectra obtained after deposition are shown in the blue trace of Figure 6.2 and 
after irradiation of the matrix (λ < 260 nm) in red. All the electronic systems detected previously 
are evident, however, a difference in relative intensities to that in Figure 6.1 experiment is 
apparent. The 392 and 518 nm bands are comparable using the naphthalene–propyne precursor, 
but from fluorene the 392 nm band is almost 15 times weaker than the 518 nm one. This implies 
that the 392 nm absorption is due to another structure of C13H9
+ 
and the mixture of naphthalene 
and propyne favors the formation of this isomer.  
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A broad feature at 515 nm obtained via photolysis of 9-diazafluorene in amorphous water 
ice was assigned to the absorption of FL9
+
,
5
 close to the 518 nm system detected in the present 
studies. The 518 nm system is the most intense absorption observed after deposition of C13H9
+
 
ions produced from fluorene and hence one can propose FL9
+ 
as the carrier of the 518 nm 
system. However, there are two other cationic origins at 538 and 392 nm and to make the 
structural assignment, theoretical calculations for plausible isomers of C13H9
+
 have been carried 
out.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Electronic absorption spectra in a 6 K neon matrix recorded after mass-selected 
deposition of C13H9
+
 cations produced from a mixture of naphthalene and propyne 
in a hot cathode discharge source (blue trace) and after irradiation with λ < 260 nm 
photons (red trace). Absorption of N2
+
 is denoted by asterisk. 
Five isomers produced by the removal of non-equivalent hydrogens from of fluorene, 
PHL
+
 and two benzindenyl cations BeI
+
, and BfI
+
 and a biphenyl like structure with one phenyl 
replaced with tropene were considered for the ground state optimization. Calculations were 
performed with the DFT method using the M06-2X functional and the cc-pVTZ basis set. These 
revealed that PHL
+
 is the global minimum and FL9
+ 
lies 114 kJ/mol above it. BeI
+ 
and BfI
+
 are 
less stable relative to PHL
+ 
by
 
130 and 181 kJ/mol, respectively. Other
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 isomers are higher energy structures by ~ 250 and 300 kJ/mol, and unlikely to be formed in the 
source. Structures and the relative ground-state energies of four most stable isomers are shown in 
Chart 6.1. 
Chart 6.1. Names, acronyms (bold) and  relative ground state energies (in kJ/mol) of four most 
stable isomers of C13H9
+
 and neutral analogues (italics) calculated with DFT using the  M06-2X 
functional and the cc-pVTZ basis set.
14
 
 
Vertical electronic excitation energies of the four lowest energy C13H9
+
 isomers have 
been calculated with symmetry adapted cluster configuration interaction (SAC-CI) and multistate 
multi-configurational second-order perturbation (MS-CASPT2) methods using the equilibrium 
coordinates obtained from the DFT optimization.  
Table 6.1: Vertical excitation energies (eV) of the strongest transitions of cationic and neutral 
isomers of C13H9 calculated with the SAC-CI and MS-CASPT2 methods using coordinates 
obtained from the DFT/M06-2X/cc-pVTZ calculations.
14
 [n.o. – not observed] 
Species Transitions SAC-CI CASPT2 Exp. 
FL9
+
     2 
1
B2  ←  X 
1
A1 2.34  0.27  2.50  0.31     2.39 
BfI
+
   1 
1
A1  ← X 
1
A1 2.35  0.26  2.59  0.28    2.31 
BeI
+
   2 
1
A'  ←  X 1A' 2.01  0.12 2.65  0.15   2.58 
PHL
+
 1 
1
E'  ←   X1A1' 3.17  0.26  3.49  0.23 3.16 
FL9     2 
2
A2  ← X 
2
B1 3.27  0.14 2.82  0.011 2.53 
BfI   1 
2
A2  ← X 
2
A2 2.92  0.16 2.52  0.039 2.27 
BeI   2 
2
A'' ←  X 2A'' 
3 
2
A'' ←  X 2A'' 
2.96  0.067 
3.77  0.048 
2.67  0.010  
3.19  0.008  
n.o. 
n.o. 
 
FL9
+
, BeI
+
 and BfI
+
 possess strong electronic transitions (Table 6.1) in the visible close 
to the 518 and 538 nm systems. Based on the calculations the 518 nm system is the 
2 
1
B2 ← X 
1
A1 transition of FL9
+
. Several vibrational features are apparent in the spectra (Table 
6.2) and assigned with reference to the ground-state frequencies calculated with DFT.
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 Vibrational frequencies of FL9
+
 derived from the spectrum are close to the ones observed in the 
ground-state of FL9 in the photoelectron spectrum of the anion.
7
 
The excitation energy calculations (Table 6.1) show that both BeI
+
 and BfI
+
 are possible 
candidates for the 538 nm absorption system. As BeI
+ 
is ~50 kJ/mol less stable than BfI
+
, the 
538 nm system is assigned to the 1 
1
A1 ← X 
1
A1 electronic transition of BfI
+
.
 
 A weak and broad 
band is seen around 481 nm (Figure 6.1, blue trace). The 1389 and 1592 cm
- 1
 vibrational 
progressions of FL9
+
 overlap in this region, though they are not responsible for the broadness of 
the 481 nm band. This system is most likely an electronic transition of another isomer of C13H9
+
. 
BeI
+
 can be the carrier as calculations predict its most intense (f = 0.15) absorption around 465 
nm (Table 6.1). 
Table 6.2: Wavelengths of the absorption peaks (±0.1 nm) in the electronic spectra of cationic 
and neutral isomers of C13H9 trapped in 6 K neon matrices and their assignment. In the footnote 
are given calculated vibrational frequencies in the ground state.
14
 
 
λ/nm   ν /cm-1   ν /cm-1 assignment 
--------------------------------------------------------------- 
9FL
+
 
518.2 19298  0  
0
00     2 
1
B2  ←  X 
1
A1 
512.8 19501  203  
1
021   
507.4 19708  410  
1
020  
502.3 19908  610  
1
019  
495.9 20165  867  
1
017  
486.0 20576  1278  
1
012  
483.4 20687  1389  
1
010  
478.7 20890  1592  
1
07  
474.0 21097  1799  
1
0
1
0217   
469.1 21317  2019  
1
0
1
0207  
451.3 22158  2860  
1
0
1
0127   
 
9FL 
489.5 20429  0  
0
00              2 
2
A2  ←  X 
2
B1
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484.4 20644  215  
1
021  
479.6 20851  422  
1
020  
474.7 21066  637  
1
019  
472.3 21173  744  
1
018  
469.8 21286  857  
1
017  
461.8 21654  1225  
1
012  
459.9 21744  1315  
1
011  
455.2 21968  1539  
1
08  
 
BfI
+
 
537.8 18594  0  
0
00      1 
1
A1  ←  X 
1
A1 
526.2 19004  410  
1
021  
501.8 19928  1334  
1
011  
4972 20113  1519  
1
08  
 
BfI 
546.3 18305  0  
0
00      1 
2
A2  ← X 
2
A2 
534.0 18727  422  
1
021  
507.3 19712  1407  
1
010  
505.0 19802  1497  
1
08  
 
BeI
+
 
481.0 20790  0  
0
00      2 
1
A' ← X 1A' 
 
PHL
+
 
392.4 25484  0  
0
00      1 
1
E'  ← X 1A1' 
383.4 26082  598  
1
05  
---------------------------------------------------------- ------------------- 
9FL
+
  a1; ν1- ν21: 3238, 3228, 3224, 3212,3197, 1692, 1653, 1554,1501, 1443,1329,1312, 1210, 1202, 
1121, 1045, 887, 753, 656, 426, 217 
9FL  a1; ν1- ν21: 3225, 3213, 3202, 3195, 3179, 1664,  1639, 1526, 1476, 1389, 1324, 1275, 1221, 1176, 
1127, 1051, 890, 760, 655,  429, 213  
BfI
+
  a1; ν1- ν21: 3257, 3236, 3221, 3193, 3190, 1695, 1630, 1540, 1496, 1452, 1353, 1276, 1220, 1195, 
1101, 1076, 879, 817, 755, 618, 422, 
BfI  a1; ν1- ν21:  3247, 3223, 3207, 3177, 3175, 1659, 1571, 1493, 1485, 1424, 1389, 1244, 1194, 1172, 
1089, 1061, 874, 821 , 761, 624 ,424; PHL
+
  a1'; ν1- ν5: 3195,  1587,  1132, 793,  639.
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The calculated vertical excitation energies (Table 6.1) establish that the strong absorption at 
392 nm obtained from a naphthalene-propyne mixture is that of phenalenyl cation PHL
+ 
(Figure 
6.2). SAC-CI and CASPT2 predict a strong 1 
1
E'  ← X 1A1' electronic transition at 3.17 and 
3.49 eV, respectively, in agreement with the observation at 3.16 eV (392 nm). The PHL
+ 
spectrum consists of one weak vibrational band 598 cm
-1
 blue of the origin, the excitation of the 
ν5 totally symmetric vibration in the 1 
1
E'  state. 
Although the gas-phase investigation of PHL
 
reported an electronic absorption at 
~510 nm,
13
 no neutral band observed around this wavelength in the present study. This implies 
that the oscillator strength of the visible transition of PHL is much weaker than the 1 
1
E'←X1A1' 
one of PHL
+
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Electronic absorption spectrum measured after mass-selected deposition of C13H9
+
 
from fluorene in a pure neon matrix at 6 K is the blue trace. The red trace was 
obtained after irradiation with λ < 260 nm photons. 
C13H9
+
 ions produced from fluorene were also deposited in a pure neon matrix. The 
spectrum recorded after the deposition is shown in Figure 6.3 (blue trace) and after UV 
irradiation of the matrix in red. Two absorption systems of neutral C13H9 commencing at 546 and 
490 nm dominate the spectrum. The absence of scavenger in the matrix enhances neutralization
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 of cations, hence signals of the neutrals dominate. One can presume that the strongest absorption 
in Figure 6.3 with onset at 490 nm originates from FL9, because FL9
+
 is predominately 
produced from the fluorene precursor. The wavelength of the origin peak of FL9 in a neon 
matrix is close to the previously observed 494.6 nm band in UV photolysis of fluorene in an 
argon matrix.
8,9
 The SAC-CI and CASPT2 calculations predict intense 2 
2
A2 ← X 
2
B1 electronic 
transition at 3.27 and 2.87 eV (Tables 6.1) which can be compared with 2.53 eV (489.5 nm) 
derived from Figure 6.3. The peaks in this system are the result of the excitation of vibrational 
modes in the 2 
2
A2 state (Table 6.2). 
The weaker 546 nm electronic system is assigned to the radical BfI, the corresponding 
cation is second most stable structure after FL9
+
 according to calculation. The SAC-CI and 
CASPT2 calculations overestimate the 1 
2
A2 ← X 
2
A2 excitation energy of BfI
 
by 0.65 and 0.25 
eV, respectively (Table 6.1). 
 
6.4 Concluding Remarks 
Mass–selection in combination with quantum chemical calculations allowed an 
unambiguous characterization of C13H9
0/+
 species. In situ detection of intermediates helps to 
understand the plausible pathway of chemical reactions and with this concern, the presented data 
may enable the identification of the transient C13H9
0/+
 organics via their electronic spectra. This 
electronic characterization in 6 K neon matrices is the starting point for gas-phase spectroscopy. 
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SIDE PROJECTS: ELECTRONIC ABSORPTIONS 
OF C5Hn (n=1,3) CATIONS AND RADICALS 
I. C5H
+
 : 1 
1
 ← X 
1

+
 TRANSITION 
 Organic species with high carbon to hydrogen ratio are very important in terrestrial and 
extraterrestrial chemistry.
1-3
 Such systems possess unique structural flexibility providing many 
isomers of almost similarly ground-state energy. Two cations of C5 family, C5H
+
 and C5H3
+
, 
have drawn attention after the detection of C5H IRC +10216 and TMC-1 and the identification of 
C5H3
+
  in the coma of Halley’s comet.4-6 These acyclic organics are also important in the 
hydrocarbon-rich atmosphere of Titan.
7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I : Electronic absorption spectrum recorded after mass-selected deposition C5H
+ 
produced from pentabromophenol (red trace) and after irradiation of the matrix by 
below 260 nm photons (black trace). The spectrum obtained after the deposition of 
the same species from ethynylcyclopropane is shown in light blue. The transitions 
of collisionally-induced fragment C5 and the neutral counterpart of the deposited 
cation C5H are assigned. The absorptions of C5H
+
 are denoted by green arrows.  
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Moderately intense absorptions in 450-540 nm region were recorded after mass-selected 
deposition of C5H
+
 (m/z=61) in solid neon produced from pentabromophenol (Figure I, red 
trace). The most prominent bands are located at 529.2, 509, 482.1 and 460.1 nm. The 
contribution of neutral counterpart of the deposited cation in the spectrum recorded after 
deposition is commonly seen in matrix experiments. Therefore, to distinguish cationic and 
neutral absorptions, the matrix was irradiated by  < 260 nm photons from a high pressure 
mercury lamp. The justification for the UV irradiation has been thoroughly discussed in Chapter 
2 and 3. Except these two at 509 and 460.1 nm all other band intensities increased after UV 
exposure (black trace). It clearly indicates that 509 and 460 nm ones are the absorption of C5H
+
 
species. The rate of intensity increment for 529.2, 482.1 nm bands and the other weaker ones 
apparent in between 470-520 nm establishes that they are of one neutral C5H  species. The gas-
phase electronic spectrum of l-C5H species has already been recorded by two-color two-photon 
ionization technique (R2P2CI).
8 
R2P2CI analysis shows two equally intense transition of l-C5H 
at 532.2 and 485.2 nm which are comparable to 529.2 and 482.1 nm bands seen in this present 
study. Wavelengths are 3 nm blueshifted for both of these bands in matrix spectrum.  
The relative intensity decrement for two cationic bands at 509.0 and 460.1 nm indicates that they 
are of one C5H
+
 isomer. An overlapping absorption of C5 to 509 band was seen after the 
irradiation. The C5 is the collisionally-induced fragment generated in the matrix during 
deposition of C5H
+
. Therefore, to get rid of complicacy arisen from the fragmentation, C5H
+
 has 
been deposited from ethynylcyclopropane, a more convenient precursor for the production of 
m/z=61 species. The kinetic energy of deposition was kept slightly lower around 45 eV (previous 
deposition was carried out at 50-52 eV). The result of lowering the deposition energy can be seen 
in Figure I, light blue trace. No absorption of C5 was observed and the 509.0 nm one is 
dominant in the spectrum. As the absorptions of l-C5H are apparent, therefore, l-C5H
+
 is inferred 
as the carrier of these two cationic bands at 509 and 460.1 nm. The high level MRD-CI study 
predicts a 1 
1 ← X 1+ electronic transition at energy 2.52 eV with oscillator strength (f) 
around 0.007.
9
 The predicted energy is in agreement with experimental observation at 509.0 nm 
(2.44 eV). Thus, the 509 nm band is attributed to the  1 
1 ← X 1+ transition of l-C5H
+
 and the 
peak at 406.1 nm, 2032 nm blue to the origin, is due to excitation of C≡C stretching mode at 
1 
1  state.  
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Electronic Transitions of C5H3
+ and C5H3: Neon Matrix and CASPT2
Studies
Jan Fulara, Arghya Chakraborty, Adam Nagy, Karol Filipkowski, and John P. Maier*
Department of Chemistry, University of Basel, Klingelbergstrasse 80, CH-4056 Basel, Switzerland
ABSTRACT: Two absorption systems of C5H3
+ starting at 350 and 345 nm were
detected following mass-selective deposition of m/e = 63 ions in a 6 K neon matrix.
These are assigned to the 1 1A1 ← X
1A1 electronic transition of 1,2,3,4-
pentatetraenylium H2CCCCCH
+ (isomer B+) and 1 1B2 ← X
1A1 of penta-1,4-
diyne-3-ylium HCCCHCCH+ (C+). The absorptions of neutral C5H3 isomers with
onsets at 434.5, 398.3, 369.0, and 267.3 nm are also detected. The first two systems are
assigned to the 1 2B1 ← X
2B1 and 1
2A2 ← X
2B1 transitions of isomer B and C,
respectively, and the latter two to ethynylcyclopropenyl (A) and 3-vinylidenecyclo-
prop-1-enyl (D) radicals. The structural assignments are based on the adiabatic
excitation energies calculated with the MS-CASPT2 method. A vibrational analysis of
the electronic spectra, based on the calculated harmonic frequencies, supports this.
■ INTRODUCTION
Unsaturated organic radicals and ions are important transients
in terrestrial environments such as plasmas and combustions of
hydrocarbons under oxygen-deficient conditions.1−3 They are
also abundant in the interstellar medium (ISM)4 and postulated
to play a role in the hydrocarbon-rich atmosphere of Titan.5,6
Neutral and ionic C5H3 are just one example among these.
Furthermore, the C5H3
+ cation has been detected in the coma
of comet Halley using mass spectrometry.7
C5H3 and C5H3
+ species were hitherto studied in the
laboratory only by a mass spectrometric technique.8,9,11
Unimolecular fragmentation of 1,3-pentadiyne in the A 2E
electronic state, leading to C5H3
+, was observed using a
photoelectron−photoion coincidence method. The breakdown
curves obtained for deuteroisotopologues of the precursor
suggested that two isomers, H2CCCCCH
+ and H3CCCCC
+,
were formed.10 Different structures of C5H3
+ were deduced
from reactivity studies with diacetylene.11 Twenty five isomers
of C5H3
+ have been investigated with ab initio methods to
evaluate the plausible structures involved in a high-energy
dissociation channel of benzene leading to C5H3
+ and CH3
products.12
The formation of C5H3 radicals in the reaction of carbon
atoms/vinylacetylene,13 C2/allene,
14 and C3 with ethylene
15 in
crossed molecular beams has been studied. Two isomers, 2,4-
pentadiynyl-1 (structure B) and 1,4-pentadiynyl-3 (C) radicals,
were identified, and the mass spectrum of the former was
reported.15 The B and C isomers of C5H3 were also detected in
fuel-rich benzene/oxygen flames by mass analysis using
synchrotron radiation for photoionization.16,17
The electronic spectra of some C2n+1H3 (n = 3−6) radicals
have been obtained in the gas phase by the two-photon
ionization technique.18,19 However, no firm conclusion
concerning the structure of these species was drawn, except
for C7H3, where the 2-(buta-1,3-diynyl)cycloprop-2-yl-1yli-
diene radical was identified.18 The electronic absorption spectra
of several C7H3 and C7H3
+ isomers have been detected in 6 K
neon matrixes.20 C3H3
+ and C7H3
+ are the only species with the
general formula C2n+1H3
+ for which the electronic transitions
are known.20,21 In this contribution, electronic absorption
spectra of several C5H3 and C5H3
+ molecules are presented and
assigned to specific isomers on the basis of adiabatic excitation
energies calculated with the CASPT2 method. The spectro-
scopic data derived will serve as a basis for gas-phase studies
and their in situ monitoring in reactive environments.
■ EXPERIMENTAL SECTION
Several acyclic and cyclic molecules were used for production of
the C5H3 cations. These precursors were methyldiacetylene, a
mixture of acetylene with allene, phenylacetylene, indene, and
cyclopropylacetylene, all premixed with helium buffer gas.
Various neutrals and ions were formed in a hot cathode ion
source. Cations were extracted, deflected by 90° to remove the
uncharged species, and guided to a quadrupole mass filter
(QMF). After passing the QMF, a beam of several nA of C5H3
+
was attained with mass resolution less than ±1 u. The largest
current of m/z = 63 cations was obtained using methyl-
diacetylene. Mass-selected C5H3
+ ions were co-deposited with
neon onto a rhodium-coated sapphire plate held at 6 K,
forming an approximately 150 μm thick matrix over 3−5 h. A
small amount of CH3Cl was added to neon (ratio roughly
about 1:30000−50000) to balance the charge. CH3Cl is an
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electron scavenger and traps free electrons ejected from the
metal surface by impinging cations.
After growth of the matrix, electronic absorption spectra
were measured in the 250−1100 nm range. A single-beam
homemade spectrometer consisting of a light source (halogen
and high-pressure xenon lamps), the matrix as the probe, a
spectrograph, and a CCD camera, was used. Broad-band
radiation was guided through the matrix, parallel to the
substrate surface, and focused on a bundle of quartz fibers to
illuminate the grating of a 0.3 m spectrograph. Absorption
spectra were recorded with two wavelength-specific CCD
cameras in several overlapping sections of 60−70 nm. Cations
embedded in solid neon were neutralized with UV photons to
enhance the absorptions of neutrals.
■ RESULTS AND DISCUSSION
Experimental Observations. The electronic spectrum
obtained after deposition of mass-selected C5H3
+ cations in a
6 K neon matrix containing traces of CH3Cl reveals strong
absorptions commencing at 350 nm and weaker ones in the
250−450 nm range (blue trace, Figure 1). The strongest system
diminishes upon exposure of the matrix to UV radiation (> 260
nm), whereas the weak bands in the 250−450 nm region,
except for the ones at 362 and 328 nm, gain intensity (red trace,
Figure 1). The latter, which behave upon irradiation as the
strong system, have already been identified21 as the origin
bands of the 2 2Πg ← X 2Πu and 3 2Πg ← X 2Πu electronic
transitions of linear HC5H
+. The absorption spectrum of
HC5H
+, scaled to the intensity of the 362 nm band in the blue
trace, is shown in the bottom trace in Figure 1. HC5H
+ is
present as a result of collisionally induced fragmentation of
C5H3
+ while impinging onto solid neon.
Absorptions, which diminished upon UV irradiation,
originate from the C5H3
+ cations or their fragments; those
that gained intensity belong to neutrals. UV photons detach
electrons from Cl− produced from the CH3Cl electron
scavenger during growth of the matrix. These migrate in solid
neon and cause neutralization of cations and thus a decrease of
their absorptions, whereas the ones of neutrals increase.
A close-up of the region where the absorptions of cations
were detected is shown in Figure 2. The blue trace is redrawn
from Figure 1. The red and green traces were obtained after
irradiation of the matrix with 260−390 nm photons of a high-
pressure xenon lamp and subsequently with a more intense and
shorter-wavelength radiation from a medium-pressure mercury
lamp. Two absorption systems can be distinguished. The
system starting at 350 nm remained with comparable intensity
after the first irradiation, whereas the one at 345 nm was
eliminated. The second irradiation caused attenuation of the
350 nm system. The two overlapping absorptions originate
from two isomers of C5H3
+. A clean spectrum of the 345 nm
system is shown in the inset of Figure 2 and was obtained by
subtracting the red trace from the blue one after scaling to the
intensity of the 350 nm band.
Irradiation with 260−390 nm photons caused a slight
increase of the absorptions of neutrals in the visible region
and a much larger change of the 267 nm system. More
pronounced changes due to neutral C5H3 were observed after
exposure to UV photons from a medium-pressure mercury
lamp, which causes neutralization of cations. The electronic
spectra of neutral C5H3 measured after this bleaching are
presented in Figures 3 and 4. They are compared with the
spectra recorded after deposition of the C5H3
+ cations.
In the visible region (Figure 3), absorption bands overlap,
and the one at 434.5 nm dominates. The number of spectral
features and their irregular pattern suggest that they originate
from more than one species. In the UV, a medium-intensity
system of neutral C5H3 commencing at 267 nm is apparent
(left panel in Figure 4). A much weaker band at around 369 nm
is due to absorbing neutrals present (red trace in Figure 1).
This feature became stronger when cyclopropylacetylene was
used for the production of C5H3
+ cations (right panel in
Figure 1. Overview of the electronic absorption spectra of the
C5H3
+/C5H3 species measured after deposition of m/z = 63 cations
(blue) and after neutralization of cations (red) in a 6 K neon matrix.
Cations were generated in the source from methyldiacetylene. The
green trace shows the spectrum of HC5H
+ recorded previously.22
Figure 2. Absorption spectra in the UV of isomers B+ and C+ of C5H3
+
recorded in a 6 K neon matrix following deposition of m/z = 63
cations (blue), irradiation of the matrix with photons in the 260−390
nm range (red), and after subsequent irradiation with a medium-
pressure mercury lamp (green). The inset shows the spectrum of C+
obtained by subtracting the red trace from the blue one after scaling to
the intensity of the 350 nm band.
The Journal of Physical Chemistry A Article
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Figure 4). The intensity of this band may be overestimated as
the baseline may contain an undulating light background.
Use of cyclopropylacetylene as a precursor of C5H3
+ suggests
that the neutral responsible for the 369 nm system retains the
structure of the parent cationan ethynyl group attached to a
three-membered carbon ring. Though a number of precursors
were used for generation of the C5H3
+ cations, no firm
conclusion concerning their structure and of the C5H3 neutrals
responsible for the observed absorptions could be drawn,
except for the carrier of the 369 nm feature.
One can speculate on the structure of the C5H3/C5H3
+
species by comparing the spectra obtained with the ones of
C7H3/C7H3
+, measured previously under similar conditions.19
A strong, sharp absorption was detected at 441.3 nm for isomer
H2CCCCCCCH
+, and a weaker, broader one commencing at
414.6 nm for HCCCHCCCCH+. The spectra of C5H3
+ and
C7H3
+ look similar. The strongest narrow absorption lies at 350
nm, and weaker, broader ones of the other isomer are at shorter
wavelengths, with an onset at 345 nm (Table 1). In view of
these similarities, it is assumed that the 350 and 345 nm
systems originate from similar isomers as those for C7H3
+:
H2CCCCCH
+ and HCCCHCCH+, respectively. These belong
to two homologous series, and hence the onset of the electronic
transition of the smaller member lies at a shorter wavelength.
The wavelength difference for the origin band of
H2CCCCCCCH
+ and H2CCCCCH
+ is ∼90 nm, close to
that observed for the structurally similar series of the
unsaturated hydrocarbon chain cations HC2n+1H
+ and
H2C2nH
+.22,23
Figure 3. Visible section of the absorption spectra of the B and C
isomers of C5H3 measured after deposition of C5H3
+ generated from
methyldiacetylene (blue) and after neutralization of the cations (red).
Figure 4. Absorption systems of the A and D isomers of C5H3 in a
neon matrix. Blue traces were recorded after deposition of the cations
produced from cyclopropylacetylene and methyldiacetylene, respec-
tively. Red traces were obtained after irradiation with 260−390 nm
photons. The green ones were measured after complete neutralization
of cations.
Table 1. Band Maxima (±0.1 nm) and Assignment of
Electronic Absorption Spectra of C5H3
+ and C5H3 Isomers in
6 K Neon Matrixesa
species λ/nm ν̃/cm−1 Δν̃ assignment
B+ 349.7 28596 0 00
0 1 1A1 ← X
1A1
342.2 29233 637 ν7
336.3 29735 1139 ν6
329.6 30349 1753 ν4
C+ 345.1 28977 0 00
0 1 1B2 ← X
1A1
334.4 29904 927 ν4
324.9 30779 1802 2ν4
315.8 31666 2689 3ν4
B 444.7 22487 −528 1 2B2 ← X 2B1
434.5 23015 0 00
0 1 2B1 ← X
2B1
427.3 23403 388 2ν12
425.6 23496 481 2ν18
420.9 23759 744 ν7
411.5 24301 1286 ν6
408.6 24474 1459 2ν7
407.0 24570 1555 ν5
403.1 24808 1793 ν4
394.6 25342 2327 ν3
391.5 25543 2528 ν7 + ν4
376.1 26589 3574 2ν4
C 398.3 25107 0 00
0 1 2A2 ← X
2B1
391.5 25543 436 ν6
388.9 25714 607 ν5
383.7 26062 955 ν4
370.4 26998 1891 2ν4
A 369.0 27100 0 00
0 1 2A′ ← X 2A′
D 267.3 37411 0 00
0 3 2A″ ← X 2A″
265.4 37679 268 ν12
261.9 38183 772 ν10
aFrequencies of the totally symmetric vibrations (cm−1) of C5H3
+ and
C5H3 isomers were calculated with the CASPT2 method. Harmonic
frequencies of the totally symmetric vibrations (cm−1) of C5H3
+ and
C5H3 isomers were calculated with the CASPT2 method. Lower-
symmetry vibrations (italic), due to the program limitations, were
calculated at the CAS level. B+; 1 1A1; a1: 703, 1072, 1446, 1786, 2066,
3167, 3402; X 1A1; b1: 142, 311, 607, 760, 1201; b2: 143, 258, 468,
623, 1063, 3375. B; 1 2B1; a1: 727, 1233, 1523, 1796, 2462, 3213,
3491; X; b1: 55, 173, 402. 483, 599, 689; a2: 343. C+; 1 1B2; a1: 115,
519, 570, 994, 2139, 3240, 3413; b2: 350, 816, 1098, 1352, 2657, 3575;
a2: 308, 833. C; 1 2A2; a1: 101, 397, 581, 988, 2040, 3245, 3502; b2:
72, 269, 504, 950, 1385, 1954, 3475; a2: 61, 356. D; X 2A″; a1: 205,
615, 707, 955, 980, 1082, 1292, 1414, 1727, 2227, 3164, 3294.
The Journal of Physical Chemistry A Article
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In recent studies20 on C7H3
+, two neutral isomers have
absorptions in the visible region. The onset of the
2 2B1 ← X
2B1 electronic transition of H2CCCCCCCH lies
at 480 nm. As the strongest absorption of C5H3 is at 434.5 nm,
it could be isomer H2CCCCCH. To confirm this, excitation
energies of cations and neutrals of C5H3 have been calculated.
Computations: Comparison with Experiment. The
most plausible isomers of C5H3, shown in Chart 1, were
chosen for ab initio calculations. The ground-state energy was
obtained with the second-order Möller−Plesset perturbation
method using the Gaussian 09 program suite.24 The
correlation-consistent (cc-pVDZ) basis set was used for carbon
and hydrogen atoms. After geometry optimization, harmonic
vibrational frequencies were calculated for the species to
confirm whether the structure has a real energy minimum. The
most stable structure among the eight C5H3
+ cations is isomer
A+, ethynylcyclopropenylium. The two isomers B+ (1,2,3,4-
pentatetraenylium) and C+ (penta-1,4-diyne-3-ylium), the next
in energy, lie about 80 kJ/mol above A+. In the case of neutrals,
the most stable is structure C, followed by B, F, and A.
One can expect that the three lowest-energy isomers of
C5H3
+ will be the main contributors to the observed
absorptions. Weaker features can originate from the other
(D+, F+, G+) cations. The important factors that affect the
detection of the species via absorption are, apart from a
sufficient concentration, the oscillator strength and the
wavelength where the electronic transition occurs. In this
study, the latter is limited to the 250−1100 nm range.
Vertical electronic excitation energies were calculated with a
multireference second-order perturbation theory (CASPT2)
using the MOLCAS program package.25,26 The ground-state
geometry optimized at the MP2 level was used. An active space
was built from 12 electrons distributed on 12 orbitals in the
case of the cations and 13 electrons on 13 orbitals for neutral
C5H3. The orbitals were optimized for the average energy of six
electronic states (multistate (MS)-CASPT2). The obtained
excitation energies of the seven C5H3
+ cations together with the
oscillator strengths and symmetries of the electronic states are
collected in Table 2. The highest-energy isomer J+ was omitted
from the calculations because during geometry optimization
(MP2 level and Cs symmetry), a saddle point was reached. At
lower symmetry, the cation rearranged to structure B+.
The best candidates for the absorptions of C5H3
+ shown in
Figure 2 are isomers B+ and C+. They possess strong electronic
transitions at 3.71 and 3.65 eV with oscillator strengths of f =
0.25 and 0.36, respectively, close to the onsets of the 350 (3.55
eV) and 345 nm (3.58 eV) systems of C5H3
+. Calculations
predict a strong f = 0.28 1 1A1 ← X
1A1 electronic transition at
around 5.42 eV for the global-minimum structure A+, far from
the observation. The three higher-energy C5H3
+cations (D+,
G+, H+) possess electronic transitions close to the observed
systems; however, their oscillator strengths are much smaller
than those of B+ and C+.
The calculations of the excitation energies were refined for
the structures with transitions close to the observations. The
geometries of the selected isomers were optimized in the
ground and excited electronic states. The MS-CASPT2 method
was used with a somewhat smaller active space (10 electrons,
10 orbitals) and the energy averaged over four electronic states.
A reduction of the active space and a number of electronic
states used has a minor effect on the vertical excitation energies
calculated under such conditions, for example, changes from
3.71 eV for the larger space (Table 2) to 3.77 eV at the smaller
one for the 1 1A1 state of B
+.
The adiabatic excitation energies of the cations are compared
with the experimental ones in Table 2. The 3.59 eV value of the
1 1A1 ← X
1A1 transition of B
+ agrees with the 350 nm (3.55
eV) system of C5H3
+, to which it is assigned. Adiabatic and
experimental energies are in good agreement for structure C+,
3.65 and 3.58 eV. Consequently, the 345 nm system is
attributed to the 1 1B2← X
1A1 transition of C
+. Corroboration
comes from the vibrational analysis of the absorption systems.
This is based on the calculated harmonic vibrational frequencies
Chart 1. Structure and Relative Ground-State Energy
(kJ/mol) of Cations (bold) and Neutral Isomers (italic) of
C5H3 Calculated with the MP2 Method Using the cc-pVDZ
Basis Set
Table 2. Vertical, Adiabatic Excitation Energies (eV) and
Oscillator Strengths of C5H3
+ Isomers Calculated with
MS‑CASPT2 (12,12) and the Absorptions in Neon Matrixes
species transition vert. ad. f experiment
A+ 1 1A1 ← X
1A1 5.42 5.18 0.28
1 1B1 ← 5.61 0.002
B+ 1 1A1 ← X
1A1 3.71 3.59 0.25 3.55
2 1A1 ← 4.59 0.043
3 1A1 ← 4.96 0.006
C+ 1 1B2 ← X
1A1 3.65 3.65 0.36 3.58
1 1A1 ← 4.95 0.022
D+ 1 1A′ ← X 1A′ 3.60 2.62 0.078
2 1A′ ← 5.68 4.93 0.46
1 1A″ ← 2.68 0.001
3 1A″ ← 5.86 0.020
F+ 2 1A1 ← X
1A1 4.98 0.013
1 1B1 ← 5.44 0.002
2 1B1 ← 5.76 0.011
2 1B2 ← 5.65 0.008
G+ 1 1A′ ← X 1A′ 3.06 0.008
2 1A′ ← 3.56 3.45 0.093
4 1A′ ← 5.22 0.11
2 1A″ ← 3.03 0.010
5 1A″ ← 5.92 0.012
H+ 4 3A′ ← X 3A′ 3.76 3.70 0.024
6 3A′ ← 4.79 0.002
7 3A″ ← 4.87 0.003
8 3A″ ← 5.27 0.011
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(footnote Table 1) of B+ and C+ in the 1 1A1 and 1
1B2 excited
states.
Because at least three absorption systems of neutral C5H3
starting at 434.5, 369.0, and 267.3 nm were detected in the
neon matrix following the deposition and photobleaching of the
m/z = 63 cations, electronic excitation energies of C5H3 were
calculated. The results for the eight neutrals shown in Chart 1,
obtained by MS-CASPT2, are compared with the experimental
values in Table 3.
One can expect that some absorptions in Figures 3 and 4
originate from isomers B and C because their charged
counterparts are identified. The ground state of B and C is
X 2B1. Calculations give the lowest-energy electronic transition
to the 1 2B1 and 1
2A2 states close to each other at 3.46 and
3.52 eV, respectively. The predicted vertical excitation energy of
B and C overestimates the absorption onset at 434.5 nm (2.85
eV) around 0.6 eV. Neutral H possesses an excitation energy
closer, 3.13 eV, but is excluded from consideration because H+
lies 428.8 kJ/mol above A+ and is thus unlikely to be formed.
For the same reason, isomer J can be excluded; in addition, its
strongest transition is predicted at 2.45 eV, in disagreement
with the experimental data. Therefore, structures B and C
remain the best candidates for the absorption in the visible
range (Figure 3).
Adiabatic excitation energies of B and C, calculated with
MS-CASPT2 using a smaller active space (11 electrons on 11
orbitals) and the orbitals optimized for the average energy of
four electronic states, are red shifted by 0.4−0.5 eV in
comparison to the vertical ones. The adiabatic excitation energy
of the 1 2B1← X
2B1 electronic transition of B (2.82 eV) agrees
well with the 434.5 nm (2.85 eV) system; therefore, the
absorptions are assigned to this. Similar calculations for isomer
C provide the adiabatic excitation energy of 3.13 eV (396 nm),
which identifies the 1 2A2 ← X
2B1 transition shown in
Figure 3. Spectra recorded in this region using different
precursors for production of C5H3
+ show a slight difference in
the relative intensities of the absorption bands. Another system
starts at 398.3 nm (3.11 eV), which agrees with the allowed
electronic transition of C to the 1 2A2 state. A vibrational
analysis of the 434.5 and 398.3 nm systems based on the
calculated harmonic frequencies of B and C in the 1 2B1 and
1 2A2 states supports the assignment. A weak absorption at
444.7 nm belongs to isomer B and is interpreted as a
vibronically induced transition to the 1 2B2 state. Calculations
predict a vertical energy at 3.20 eV, 0.26 eV below the 1 2B1
state. A signature of state mixing is also seen in the 427 nm
region, with multiple bands apparent. The wavelengths of the
absorption band maxima of B and C and the assignments are
summarized in Table 1.
Two weaker absorption systems of neutral C5H3 are also
detected in the UV (Figure 4). The one with onset at 369 nm is
the most intense, with cyclopropylacetylene as a precursor of
the cations. This suggests that the carrier has a carbon three-
membered ring motif with a hydrocarbon chain attached.
Among the eight neutrals, only A, D, and J possess the right
structure. J was already excluded from consideration because of
the high energy of J+. The MS-CASPT2 calculations of the
vertical excitation energies of D predict several electronic
transitions above 4.8 eV. Calculation of the adiabatic energy of
the strongest one at 5.8 eV red shift this to 4.84 eV, still ∼1.50
eV from the 369 nm system. Only A is a plausible candidate for
this absorption. Vertical excitation energies of 4.01 eV for the
1 2A′ ← X 2A′ transition and 3.80 eV for the adiabatic one
(Table 3) are predicted. The latter overestimates the observed
energy by approximately 0.4 eV. The reason for this could be
that the structure of A is not fully optimized. The geometry of
A differs significantly from the one of the cation, for which a
planar structure was predicted, whereas A in the ground state
adopts a nonplanar structure with the ethynyl chain ∼64°
above the carbon ring plane. Because the difference between
the predicted energy of the 1 2A′ ← X 2A′ transition of A and
the observation at 369 nm is large, the assignment remains
tentative.
The best candidate for the neutral responsible for the 276
nm (4.64 eV) system is isomer D. The calculated vertical
excitation energy of the strongest 3 2A″ ← X 2A″ transition is
5.80 eV, and the adiabatic value is 4.84 eV, showing a large
geometry change upon excitation. The adiabatic energy is 0.2
eV larger than the observation.
■ CONCLUDING REMARKS
Though the electronic spectra of smaller C3H3
+ and larger
C7H3
+ members of the C2n+1H3
+ family are known, the C5H3
cations and the neutrals escaped hitherto spectral character-
ization. The present study fills this gap for the electronic
transitions of some C5H3
+ and C5H3 isomers.
The C5H3
+ cations were produced from several cyclic and
acyclic precursors in a hot cathode ion source. The absorptions
of two isomers of C5H3
+ were detected in 6 K neon matrixes in
the UV range following deposition of m/z = 63 ions and are
assigned to isomers B+ and C+ on the basis of the adiabatic
excitation energies calculated with the CASPT2 method. The
absorptions of the neutral counterparts have also been detected
in the visible region after photobleaching of the cations with
Table 3. Vertical, Adiabatic Excitation Energies (eV) and
Oscillator Strengths of C5H3 Isomers Calculated with
MS-CASPT2 (13,13) and the Absorptions in Neon Matrixes
species transition vert. ad. f experiment
A 1 2A′ ← X 2A′ 4.01 3.80 0.002 3.36
3 2A′ ← 5.85 5.44 0.089
1 2A″ ← 4.13 0.001
B 1 2B1 ← X
2B1 3.46 2.82 0.015 2.85
2 2B1 ← 4.97 0.004
3 2B1 ← 5.39 0.002
4 2B1 ← 5.75 5.00 0.043
C 1 2A2 ← X
2B1 3.52 3.13 0.045 3.11
1 2B1 ← 4.76 0.005
D 1 2A″ ← X 2A″ 4.80 0.005
2 2A″ ← 4.92 0.005
3 2A″ ← 5.80 4.84 0.078 4.64
4 2A′ ← 5.28 0.011
F 1 2A2 ← X
2A2 5.94 0.006
4 2B1 ← 5.08 4.45 0.033
G 3 2A″ ← X 2A″ 4.46 3.78 0.003
5 2A″ ← 5.57 0.003
H 2 2A′ ← X 2A′ 3.13 3.03 0.021
3 2A′ ← 4.67 0.012
5 2A′ ← 5.92 0.009
J 1 2A′ ← X 2A′ 2.45 0.006
2 2A′ ← 3.46 0.004
3 2A′ ← 4.67 0.002
3 2A″ ← 3.98 0.003
4 2A″ ← 4.52 0.001
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UV radiation. The adiabatic excitation energies of B and C
calculated at the CASPT2 level of theory agree with the
observations. Apart from the absorptions of B and C, also
weaker ones were detected in the UV range and are tentatively
associated with structures A and D.
The spectroscopic data presented can be used as the starting
point for gas-phase studies and can help in hydrocarbon
combustion chemistry in oxygen-deficient environments via in
situ monitoring.
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8. SUMMARY & OUTLOOK 
This doctoral thesis focused on the electronic characterization of astrophysically relevant 
molecules in neon matrices. The unambiguous structural assignments of the detected absorption 
systems have been accomplished by mass-selection in a combination with theoretical 
calculations. Several ionic isomers are deposited in solid neon and are distinguished by 
calculated ground-state stabilities, computed excitation energies, and in some cases on the basis 
of the geometry of precursor molecules.  
In order to record spectra with a high signal-to-noise ratio, adequate production of transient 
species is needed. Due to high reactivity, production and analysis of interstellar molecules are 
not experimentally trivial. In this dissertation exotic species are generated in electrical discharge 
from respective precursors. The essence of bi-component molecular gas mixtures for the 
production of complex molecules has been exemplified. The generation of O-containing 
hydrocarbons in an ion source was the primary challenge in their spectroscopic exploration. The 
1:1 mixture of C3O2 and HC4H served the role in generation of H2C6O
+
. According to theory, the 
production of H2C6O
+
 has been achieved by an exothermic reaction between HC4H
+
 and C2O. 
Such reactions should be included in the astrochemical models as a mechanism of oxygen 
incorporation into hydrocarbon moieties. 
 In other experiments predominant production of dehydrogenated fluorene cation (C13H9
+
) from 
fluorene or the formation of phenalenylium in a naphthalene and propyne mixture shows the 
precursor dependency on the relative abundance of isomers in the matrix. The greatest advantage 
of the MI technique is that the experimental species can be confined for long time scales to 
execute many spectroscopic studies. Therefore, even after 60 years of its discovery, this 
technique is still continuously used. MI is a bridge between intermolecular interaction dominated 
liquid-phase and non-interactive gas-phase environment. 
Bare carbon chains and unsaturated hydrocarbons have been a topic of research since Douglas 
hypothesis suggested them as probable DIB carriers. The incentive of spectroscopic 
characterization of these carbonaceous ions and radicals is that they possess immense importance 
in combustion chemistry. Absorptions of fulvenallenyl radical (HC≡C-cyc-C5H4) have been 
recorded, and it is considered as the precursor of PAHs in flames. The m/z=63 (C5H3
+
) peak is 
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very strong in the mass spectra of various unsaturated hydrocarbons which demonstrates stability 
of this fragment. This molecule is also conceived to be present in flames. In situ detection of 
C5H3
+
 or fulvenallenyl
 
radical in combustion can be carried out by using the reported electronic 
transitions. The matrix study on C7H3
+
 has revealed that one of its isomer HCCCCCCCH2
+
 has 
potential to be the carrier of 438.77 nm DIB. All the C7H3
+
 isomers identified in the matrix 
possess large oscillator strengths suggesting that they could be detected in the ISM even at low 
column densities. 
The photo-instability of oxygen containing polycarbon cations has been identified. It could lead a 
very low column densities for such systems in harsh galactic environments, and therefore, hard 
to identify in the diffuse ISM.  
Electronic spectra of a new class of molecules, protonated PAHs, have been carried out. The 
photo-instability of polycyclic O-containing species has been observed, similar to acyclic organic 
ketones. 2,3,6,7-dibenzotropone cation fragments with UV irradiation to phenanthrene cation. - 
and -protonated species are generated upon protonation of fluoranthene via chemical 
ionization. The detection of C60
+
 in diffuse cloud has raised many questions about the interstellar 
processing of molecules. Scientists believe that C60 forms in the surrounding of late-type stars 
and planetary nebulae. Thereafter, via photoionization dissociates to relatively smaller organics 
and becomes hydrogenated to generate PAHs. According to a top-down speculation, one could 
expect the existence of fluoranthene type species (combination of six and five member rings) in 
the ISM. 
Alongside astrophysical purposes matrix isolation plays pivotal role in trapping and 
spectroscopic characterization of organic reaction intermediates. Compared to radiolysis and 
flashphotolysis, matrix isolation combined with mass-selection provides vibrationally resolved 
electronic spectra which are more viable for in situ detection of reaction intermediates.  
This dissertation has shown a multi-disciplinary research employing the matrix isolation 
technique and measurements of electronic transitions of various astrophysically important 
molecules – ions and radicals, which will be used in the future for finer spectroscopic studies in 
gas-phase. 
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Database: List of molecules studied during this doctoral thesis. Cations and radicals are listed 
along with the origin (
0
00 ) band maxima. 
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